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ABSTRACT 
 
Hybrids made up of polymers and nano-particles have received great interest both in 
academia and industry. The uniformly dispersed nano-sized particles create a large 
interfacial area per unit volume and could result in a remarkable improvement in 
thermal and mechanical properties when compared with virgin polymer or conventional 
micron-sized particle modified composites. This thesis presents and discusses the 
effects of adding rigid nano-sized ZnO particles into four thermoplastic systems at 
23 °C and 80 °C. 
 
The matrix materials include two styrene acrylonitrile (SAN) copolymers, polymethyl 
methacrylate (PMMA) and polyamide 6 (PA 6). Three types of ZnO particles were used 
as fillers, denoted A, B and C. The ZnO-A and ZnO-B are cylindrical, while the ZnO-C 
particles are spherical. The microstructures and the thermal and fracture behaviour of 
the resulting systems under quasi-static and fatigue loadings were investigated using 
various techniques.  
 
The microstructure studies showed that ZnO nano-particles could be uniformly 
dispersed into the matrices up to about 0.30% by volume fraction, above which they 
tended to cluster into agglomerates. The addition of ZnO nano-particles had only a 
marginal effect on the glass transition temperature and yield stress of the modified 
thermoplastics. A notable increase in Young’s modulus was observed when the nano-
particles were well bonded with the matrices. Remarkable improvements in toughness 
and fatigue threshold were also observed for some ZnO modified thermoplastic systems. 
However, the toughness decreased at relatively high concentrations of reinforcement. 
Microscopy studies showed that debonding of the nano-particles and subsequent plastic 
void growth in the matrix and multiple crazing initiated by the nano-particles were the 
main toughening mechanisms identified. At high volume fractions, the ZnO 
agglomerates acted as stress concentration sites, and the voids nucleated at lower stress 
levels, which led to a reduction in the toughness of the modified composites.  
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CHAPTER 1 
 
 
1 INTRODUCTION  
 
1.1  Introduction 
 
In recent years, the field of nano-technology has emerged and received a significant 
amount of attention. Undoubtedly it has a promising future in many engineering fields. 
In the materials area, nano-technology offers unique opportunities to create 
revolutionary hybrid composite and filled materials. Polymer nano-composites are filled 
polymers in which the reinforcing phase has at least one dimension in the nanometer 
range [1]. The uniform dispersion of nano-sized fillers creates a large interfacial area 
differentiating nano-composites from traditional composites. In 1987, Toyota research 
group reported a nylon-6/montmorillonite (MMT) nano-composite, for which very 
small amounts of layered silicate had resulted in significant improvements in thermal 
and mechanical properties [2, 3]. Since then, polymer nano-composites have attracted 
great interest, both in industry and academia, because they can exhibit a remarkable 
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improvement in material properties when compared with virgin polymer or 
conventional micro-composites. These improvements can include increased moduli, 
strength, heat resistance, biodegradability, and decreased gas permeability and 
flammability. The properties of thermosets, such as epoxy resins [4-7], thermoplastic 
polymers such as PS [8-14], PP [15-17], PMMA [18, 19], and SAN [20-23] have been 
enhanced significantly with the addition of nano-fillers. 
 
The addition of rigid nano-particles to a polymer matrix can greatly increase the 
Young’s modulus [24-29]. However, the inclusion of a nano-phase is likely to have a 
negative effect on some other properties. In particular, a styrene based polymer is likely 
to suffer a loss of ductility due to the inclusion of a nano-phase [29-32]. The present 
study investigates the fracture behaviour of various zinc oxide (ZnO) nano-modified 
thermoplastic systems. The matrix materials include two styrene acrylonitrile (SAN) 
copolymers (given the commercial names of Luran VLN and Luran VLP respectively), 
polymethyl methacrylate (PMMA) and polyamide 6 (PA 6). The trade names of PMMA 
and PA 6 are Lycryl G66 and Ultramid B27E. Three types of ZnO nano-particles were 
used as fillers, denoted A, B and C. The ZnO-A and ZnO-B are cylindrical, while the 
ZnO-C particles are spherical. The particles differ not only in shape but also in type of 
surface modification. 
 
1.2  Aims and Objectives 
 
The main aim of this project was to develop an understanding of the mechanisms by 
which nano-particles modify the polymers such that the strategies for their inclusion 
could be optimised. The principal objectives of the project were: 
 
i) To characterise the microstructure, glass transition temperatures and 
visco-elastic properties of the ZnO nano-modified thermoplastics.  
 
ii) To identify the detailed fracture behaviour of ZnO nano-particle 
modified thermoplastics under quasi-static loading conditions at 23 °C 
and 80 °C.  
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iii) To determine the fatigue behaviour of ZnO nano-modified SAN 
composites under dynamic loading conditions. 
 
iv) To investigate the possible stiffening and toughening mechanisms 
induced by the addition of rigid nano-particles. 
 
1.3  Outline of the Thesis 
 
The structure of this thesis is organised as follows: 
 
i) Chapter 2 presents a literature review on thermoplastic polymers, the 
basic principles of fracture mechanics, some particulate reinforcement 
theories for polymer composites and toughening mechanisms by rigid 
particles, the fatigue behaviour of polymer composites, and an 
introduction to rigid nano-particle modified polymer composites. 
 
ii) Chapter 3 provides a detailed description of the materials used in this 
study, the preparation of the test specimens, in addition to the 
experimental methods which were applied to characterise their fracture 
behaviour under quasi-static and fatigue loading conditions.  
 
iii) Chapter 4 presents and discusses the results obtained from ZnO-A and 
ZnO-B nano-modified SAN (VLN) systems. The microstructures, the 
thermal and mechanical properties of the unmodified and ZnO nano-
modified VLN composites were studied. Fracture surfaces were analysed 
to indentify the toughening mechanisms presented. 
  
iv) Chapter 5 presents and discusses the results obtained from ZnO-B nano-
modified SAN (VLP) systems. The fracture behaviour of ZnO-B nano-
modified VLP composites under quasi-static and fatigue loading 
conditions were investigated. 
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v) Chapter 6 details the results obtained from ZnO-C nano-modified SAN 
(VLN) systems. The microstructures, the thermal and quasi-static 
mechanical properties of ZnO-C nano-modified VLN composites at 
23 °C and 80 °C were studied. 
 
vi) Chapter 7 presents the results obtained from ZnO-C nano-modified 
PMMA systems. The fracture behaviour of ZnO-C nano-modified 
PMMA composites under quasi-static loading conditions at 23 °C and 
80 °C was investigated, and these results were discussed. 
 
vii) Chapter 8 presents and discusses the results obtained from ZnO-C nano-
modified PA 6 systems at 23 °C. The morphology and static mechanical 
analysis are presented.  
 
viii) Chapter 9 summarises and compares the test results obtained from 
Chapters 4 to 8. The effect of ZnO nano-particles on the microstructure, 
the thermal and mechanical properties of the modified thermoplastic 
systems are discussed. 
 
ix) Chapter 10 summarises the main conclusions drawn from the present 
research, and suggests some recommendations for future work. 
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CHAPTER 2 
 
 
2 Literature Review 
 
2.1  Introduction 
 
It is essential to have a clear understanding of the basic principles involved in the 
present study prior to the investigations outlined in Chapter one. This chapter reviews 
some of the important terms which will be used in the rest of the thesis, the relevant 
background, some of the important principles and essential theories that have been 
developed in the study of nano-modified polymer composites.  
 
A brief overview of thermoplastic polymers is presented, followed by an introduction to 
the fracture mechanics. This is reviewed since it is essential to study the fracture 
properties of materials. Some particulate reinforcement theories for polymer composites 
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and toughening mechanisms by rigid particles are introduced. Lastly, an introduction to 
fatigue in polymers and nano-sized particle modified composites are reviewed.  
 
2.2  Thermoplastics 
 
A polymer can be defined as a long molecule containing atoms held together by primary 
covalent bonds along the molecule [33]. Polymers are made by a process called 
polymerisation whereby monomer molecules react together chemically to form linear or 
branched chains or a three dimensional polymer network. The most common way of 
classifying polymers is outlined in Figure 2.1, where they can be subdivided into three 
main categories [33, 34]:  
 
i) Thermoplastics - linear or branched polymers which consist of individual 
long chain molecules. In principle, any thermoplastic can melt on heating. 
 
ii) Thermosets - rigid, highly cross-linked polymers which contain an 
infinite three dimensional network. 
 
iii) Elastomers - lightly cross-linked polymers which have elastomeric 
properties. They are often used interchangeably with the term ‘rubbers’.  
 
A thermoplastic is a material that melts to liquid when heated above melting 
temperature and freezes to a brittle, glassy state when cooled [35]. Most thermoplastics 
are high molecular weight polymers whose chains associate through van der Waals 
forces (e.g. polyethylene (PE)), dipole-dipole interactions and hydrogen bonding (e.g. 
Polyamide (PA)), or even stacking of aromatic rings (e.g. polystyrene (PS)).  
 
Figure 2.1: Classification of polymers [33]. 
Polymers 
Thermoplastics 
Elastomers 
 
Thermosets 
Crystalline  Non-crystalline (Amorphous) 
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Thermoplastics can be separated into two subgroups, crystalline and non-crystalline 
(amorphous). However, thermoplastics do not crystallise easily upon cooling to the 
solid state, as crystallisation requires time for substantial ordering of the highly coiled 
and entangled macromolecules present in the liquid state. Thus crystalline 
thermoplastics do not form perfectly crystalline material but instead are semi-crystalline, 
with both crystalline and amorphous regions. Typical semi-crystalline thermoplastics 
are PE and polypropylene (PP). The speed and extent to which crystallization can occur 
depends on the flexibility of the polymer chain. Semi-crystalline thermoplastics are 
more resistant to solvents and other chemicals, and become less brittle above their glass 
transition temperatures. Some thermoplastics normally do not crystallize: they are 
termed amorphous plastics. They are frequently used in applications where clarity is 
important. Some typical examples of amorphous thermoplastics are polymethyl 
methacrylate (PMMA), PS and polycarbonate (PC). Generally, amorphous 
thermoplastics are less chemically resistant and can be subject to stress cracking.   
 
2.3  Fracture Mechanics 
 
2.3.1  Introduction 
 
The strength of a solid material is a function of the cohesive forces that exist between 
the atoms or molecules. On this basis, the theoretical cohesive strength of a brittle 
elastic solid has been estimated to be several orders of magnitude greater than that 
observed experimentally. The first milestone of fracture mechanics was conceived by 
Griffith [36] who developed a relationship between the flaw size and the fracture 
stresses. His hypothesis explained why the measured fracture strengths of materials 
were much lower than the theoretical values, and laid down the foundations for the later 
developments of fracture mechanics.  
 
The main aim of fracture mechanics is to establish criteria, independent of the geometry 
of the cracked body, which govern the growth of a crack and which may be used to 
predict the failure of materials, components and structures. Thus, essentially continuum 
fracture mechanics is the study of the strength of a homogeneous continuum solid which 
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contains a flaw of a relatively large size compared to some characteristic dimension of 
the microstructure e.g. the inter-atomic distance [33]. 
 
The basic tenet of fracture mechanics theory is, therefore, that the strength of most real 
solids is governed by the presence of flaws which act as stress concentrators. Since the 
theory enables the manner in which cracks propagate under stress to be analysed 
mathematically, the application of fracture mechanics to crack growth in polymers has 
received considerable attention [37].  
 
2.3.2  Linear Elastic Fracture Mechanics (LEFM) 
 
The concepts of linear elastic fracture mechanics (LEFM) may strictly only be applied 
macroscopically to those materials which obey Hooke’s law so that stress is 
proportional to infinitesimal strains. However, the basic LEFM analyses, although with 
minor modifications in some instances, may still be applied to materials which exhibit 
inelastic deformations around the crack tip provided that such deformations are 
confined to the immediate vicinity of the crack tip [33]. Hence, the bulk of the body will 
still exhibit linear elastic properties.   
 
Griffith [38] proposed that the energy released during fracture by loading must be equal 
to or greater than the energy required to create the new crack surfaces, A∂ , associated 
with an increment of crack growth, a∂ . It may be written as: 
 
( )W U A
a a
γ∂ − ∂≥
∂ ∂
 Equation 2.1 
 
where W  is the work done by the external force, U  is the available elastic energy 
stored in the bulk of the specimen and γ  is the surface free energy of the specimen. For 
a crack propagating in a lamina of thickness, B , the criterion becomes: 
 
( )
γ21 ≥
∂
−∂
⋅
a
UW
B  
Equation 2.2 
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However, Griffith's approach was too primitive for engineering applications, since it 
was only true for perfectly brittle materials. Consequently, Orowan [39] and Irwin [40] 
independently modified the Griffith’s theory and showed that the energy to create the 
new crack surfaces was substantially greater than the theoretical values. This is due to 
the irreversible energy dissipated during plastic deformation at the crack tip. If the 
energy dissipation around the crack tip is taken into the consideration, the criterion 
becomes: 
 
( )
cGa
UW
B
≥
∂
−∂
⋅
1
 Equation 2.3 
 
where cG  is the critical energy required for crack growth which includes the increase of 
surface energy and the plastic energy dissipation at the crack tip.  
 
For structures exhibiting bulk linear-elastic behaviour, Equation 2.3 may be expressed 
as: 
 
2
2
c
c
P CG
B a
∂
= ⋅
∂
 Equation 2.4 
 
where cP  is the critical load at the onset of crack propagation and C  is the compliance 
of the structure and is given by displacement/load ( / Pδ ) [33]. This equation is the 
foundation for many calculations of cG  since if C  is determined as a function of the 
crack length, and a  is determined either analytically or experimentally, then /C a∂ ∂  
may be found. Thus, if cP  is measured, then the value of cG  may be deduced. 
 
2.3.3  Stress Intensity Factor Approach 
 
A crack in a solid may be stressed in three different modes, denoted mode I, II and III as 
depicted in Figure 2.2. However, the cleavage or tensile opening mode, mode I, is the 
most commonly encountered in practice, and fracture occurs at the lowest energy. This 
loading mode was applied to all the fracture tests performed in the current investigations.   
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(a) mode I        (b) mode II              (c) mode III 
Figure 2.2: Modes of loading: (a) mode I, cleavage or tensile-opening mode; (b) 
mode II, in-plane shear mode; (c) mode III, anti-plane shear mode [33]. 
 
Irwin [40] introduced a parameter called the stress intensity factor, K , which relates the 
magnitude of the stress intensity local to the crack tip in terms of the applied loadings 
and geometry of the structure. For a crack propagating in a homogenous material under 
plane-strain condition, a simple relationship exists between fracture energy, G   and K  
as: 
 
2 2
2 2 21 1 1
I II III
v v vG K K K
E E E
   − − + = + +     
    
 Equation 2.5 
 
where ν  is the Poisson’s ratio, E  is the Young’s modulus, and IK , IIK  and IIIK  are 
the stress intensity factors in each mode of loading [33].  
 
2.3.4  Crack Tip Plasticity 
 
Under the assumption of LEFM, where plastic yielding is confined to the immediate 
vicinity of a crack tip, the size of the plastic zone at the tip can be deduced from the 
elastic stresses. According to Irwin’s model [40] of the plastic zone at a crack tip 
(Figure 2.3), the radius of the plastic zone, yr , is given by: 
 
              
2
2
1








=
yp
I
y m
Kr
σπ
    Equation 2.6 
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Figure 2.3: Irwin’s model of the plastic zone at crack tip [40]. 
 
where yσ  is the tensile yield stress, and pm  is the plastic constraint factor. An effective 
approach to the crack length ( )ya r+  is used instead of the initial crack length a . 
 
The value of pm  is dependent upon the stress state around the crack tip. Knott [41] has 
considered the stress distribution ahead of a crack around which localised plastic 
yielding has occurred. In plane stress condition, pm  has a value of unity and ry  is given 
by: 
 
                        
2
1
2
I
y
Kry π σ
 
=   
 
           (Plane stress) Equation 2.7 
 
In plane strain condition, the stress in the plastic zone is higher, and ry  is given by: 
 
                        
2
1
6
I
y
Kry π σ
 
=   
 
           (Plane strain) Equation 2.8 
 
2ry 
a 
a + ry 
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Figure 2.4: Dugdale’s line plastic-zone model [33, 42]. 
The corresponding crack-opening displacements at the crack tip, tδ , are: 
 
                       
2
I
t
y
K
E
δ
σ
=                   (Plane stress) Equation 2.9 
 
                       
2
2(1 )It
y
K
E
δ ν
σ
= −       (Plane strain) Equation 2.10 
 
However, in many polymers the plastic zone ahead of a crack tip is not even 
approximately circular in shape but is better modelled as a line zone, as shown in Figure 
2.4. Dugdale [42] proposed a line plastic zone model, which assumed that the yielding 
of the material at the crack tip makes the crack longer by the length of plastic zone, R . 
R  is related to IK  and can be given by: 
 
           
2
8
I
y
KR π
σ
 
=   
 
  Equation 2.11 
 
2.4  Theoretical Models for Predicting Young’s Modulus 
 
2.4.1  Introduction 
 
Over several decades, theoretical frameworks have been developed for predicting 
properties of composite materials based on the properties of the pure components and 
the morphology of the composite [25, 43-49]. An assumption inherent in all these 
σp 
δt 
R 
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theories is that the matrix and the particles are linear-elastic, isotropic and that there is 
perfect bonding between the particles and the matrix. It is also assumed that the 
particles are uniform in their aspect ratio and are perfectly aligned with respect to the 
applied load. While the general objective of such theories is to predict the performance 
of the composite for a given set of components, these theories enable a simple route for 
evaluation of the individual contribution of the component properties such as the moduli 
of the filler and the matrix, the volume fraction, aspect ratio, orientation of the filler, etc.  
 
2.4.2  The Series and Parallel Models 
 
The series model, which is also called rule of mixtures, provides an upper bound for the 
predicted modulus, cE , of the composite material. This model assumes that the material 
is a continuous fibre composite, where the fibres are unidirectionally-aligned parallel to 
the direction of loading [25, 43, 45, 47]: 
 
          (1 )c f f f mE V E V E= + −         Equation 2.12 
 
where fV  is the volume fraction of the filler, and fE  and mE  are the moduli of the 
filler and the matrix, respectively. It assumes equal strains in the two phases under 
elastic deformation. If the stresses in the two phases are assumed to be equal, the lower 
bound of the modulus is given by the parallel model: 
 
          
1
1f f
c
f m
V V
E
E E
−
 −
= +  
 
        Equation 2.13 
 
Equations 2.12 and 2.13 have been applied to various physical properties with success 
e.g. the coefficient of thermal expansion, thermal conductivity, shear and bulk modulus. 
 
2.4.3  Modified Rule of Mixtures 
 
The stiffening efficiency of short fibres or particles is much lower than that of 
continuous fibres. Hence, a modified rule of the mixtures is commonly used for short 
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fibre composites, and has been shown to agree well with experimental results. The rule 
of mixtures relationship is modified to include a correction factor, tµ : 
 
          (1 )c t f f f mE V E V Eµ= + −         Equation 2.14 
 
The correction factor was given by Cox [46]: 
 
           21 tanh( )
2t
l
l
βµ
β
= −        Equation 2.15 
 
where l  is the length of the particles, and β  is given by: 
 
       
1
2
2
2
ln( / )
m
f
G
E r x r
β
 
=   
 
           Equation 2.16 
 
where mG  is the shear modulus of the matrix, r  is the fibre radius and x  is the inter-
fibre spacing. For plate-like particles, it can be assumed that r  equals half the particle 
thickness. The value of /x r  can be calculated by assuming that the particles are 
distributed in a face-centred cubic arrangement, and hence /x r  is related to the volume 
fraction by: 
 
            
1
22
3 f
x
r V
π 
=   
 
      Equation 2.17 
 
The above analyses assume that the short fibres or particulates are aligned parallel to the 
loading direction. When this is not the case, then a second correction factor, 0µ , may be 
introduced. Hence the modified rule of mixtures can be written as: 
 
             0 (1 )c t f f f mE V E V Eµ µ= + −      Equation 2.18 
 
The value of 0µ  depends on the degree of orientation of the particles. For unidirectional 
lamina, 0 1µ = , and for a three-dimensional orientation, 0 0.2µ =  [24]. 
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2.4.4  Kerner Model 
 
One of the most versatile and elaborate equations for a composite material consisting of 
spherical particles in a matrix, is due to Kerner [50]. The Kerner model, based on a 
geometric approach, is only suitable for composites including spherical particles at low 
volume fractions. Moreover, the particle-matrix adhesion is assumed to be perfect in 
order to exclude any debonding effect. The calculation is performed, assuming linear 
elasticity, for hydrostatic or tensile test conditions. A simple relation holds for the 
Young’s modulus of the composite, cE : 
 
             
( / 1)
1
1 ( / 1)(1 )
f m fc
m f m f
E E VE
E E E V β
−
= +
+ − −
     Equation 2.19 
 
             8 10
15(1 )
m
m
ν
β
ν
−
=
−
     Equation 2.20 
 
where f , m  and c  refer to filler, matrix and composites, respectively. mν  is the 
Poisson’s ratio of the matrix, and fV  is the volume fraction of the filler. When 
/ 1f mE E >> , Equation 2.19 can be simplified to: 
 
      15(1 )1
(1 ) 8 10
fc m
m f m
VE
E V
ν
ν
 −
= +  − − 
            Equation 2.21 
 
2.4.5  Halpin-Tsai Model 
 
Halpin and Tsai developed a well known composite theory for predicting the stiffness of 
unidirectional composites [51]. In a completely exfoliated system, the Halpin-Tsai 
model can be expressed in a general form: 
 
          
1
1
fc
m f
VE
E V
ζη
η
+
=
−
        Equation 2.22 
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where ζ  is a shape parameter dependent upon filler geometry and loading direction, 
and η  is given by: 
 
        
/ 1
/
f m
f m
E E
E E
η
ζ
−
=
+
          Equation 2.23 
 
By comparing the model predictions with two-dimensional finite element analysis, 
Halpin and Tsai determined that 2( / )l tζ =  provided good agreement for longitudinal 
modulus, //E , where l  and t  are the length and thickness of the fibre. The modulus 
perpendicular to the fibre direction (transverse), E⊥ , on the other hand, was found to be 
relatively insensitive to fibre aspect ratio, and they recommended using 2ζ = . The 
value of ζ  lies between zero and infinity. If 0ζ = , the Halpin-Tsai model converges to 
the parallel model (lower bound), Equation 2.13. Conversely, if ζ = ∞ , then the model 
reduces to the rule of mixtures (upper bound), Equation 2.12. 
 
Polymers with a random orientation of particles would be expected to give lower 
modulus values. Van Es [52] has used a laminate theory to show that the modulus of a 
particle-modified polymer with a random orientation of particles is given by: 
 
       //0.49 0.51cE E E⊥= +            Equation 2.24 
 
where the parallel and transverse moduli, //E  and E⊥  are calculated using the Halpin-
Tsai model with 2 / 3l tζ =  for //E , and 2ζ =  for E⊥ . Van Es has shown that 
2( / )l tζ =  is too high for most particle-modified polymers, but 2 / 3l tζ =  can give a 
good agreement.  
 
2.4.6  Nielsen Model 
 
The Halpin-Tsai model omits several important factors, but it can be extended to take 
them into account. It has long been known that in the theory of viscosity of suspensions, 
the maximum packing fraction of the filler must be considered. For fillers with regular 
CHAPTER 2                      LITERATURE REVIEW 
 38 
shapes, like spheres, the maximum volume packing fraction, maxV , can be calculated 
from theory. Nielsen [49] modified the Halpin-Tsai model, and proposed: 
 
      
1 ( 1)
1
E fc
m f
k VE
E V
β
βµ
+ −
=
−
            Equation 2.25 
 
where Ek  is the generalised Einstein coefficient, β  and µ  are constants. The values of 
Ek  vary with the degree of matrix to particle adhesion. For a matrix with a Poisson’s 
ratio of 0.5 containing dispersed spheres, 2.5Ek =  if there is no slippage at the 
interface, and 1.0Ek =  if there is slippage [53]. Nielsen [49] has shown that the value of 
Ek  is reduced when the Poisson’s ratio of the matrix is lower than 0.5. For typical 
styrene acrylonitrile (SAN) polymer, 0.35mν = [33], so the value of Ek  is reduced by a 
factor of 0.867.  
 
The constant β  takes into account the relative modulus of the particles and the matrix, 
and is given by: 
 
        1 ( 1)f f E
m m
E E
k
E E
β
   
= − + −   
   
          Equation 2.26 
 
The value of µ  depends on the maximum volume fraction of particles, maxV , and can be 
calculated from [53]: 
 
      max2
max
11 f
V V
V
µ
−
= +             Equation 2.27 
 
Values of maxV  have been tabulated by Nielsen and Landel [53] for a range of particle 
shapes and types of packing. For random close packing, non-agglomerated spheres, 
Nielsen and Landel quoted a value of maxV  = 0.632.  
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2.5 Toughening with Rigid Particles 
 
2.5.1  Introduction 
 
Many thermoplastics, such as PS, SAN, PMMA, and thermosets, such as epoxy, are 
brittle when tested at room temperature, which limits their applications in automotive 
and aerospace industies. A good way of toughening such polymers is to copolymerise 
elastomeric chains during manufacturing, because rubber has excellent elasticity and 
toughness. Rubber particles have been known to toughen polymers via various 
mechanisms, such as: rubber bridging, multiple crazing, shear yielding and cavitation 
theories [54-65].  
 
Although rubber particles can significantly improve the fracture toughness of polymers, 
they can also result in marked reduction in bulk properties. One of the obvious 
drawbacks for rubber toughened polymers is the severe reduction in tensile properties, 
(i.e. tensile modulus and tensile strength). Polymers can be toughened by other 
substances apart from rubber particles. The fillers mainly include rigid inorganic 
particles, such as glass beads, alumina and silica particles. These particles offer some 
advantages over rubber toughened polymers, including improved stiffness, reduced 
shrinkage, increased modulus and enhanced toughness without any loss in thermo-
mechanical properties [66]. However, the improvement in toughness is far less 
significant compared with that obtained in rubber toughened polymers. 
 
Many authors [4, 6, 7, 24, 25, 67-71] have observed that the addition of rigid particles to 
a brittle material increases the measured fracture energy, however, the fracture 
behaviour and toughening mechanisms are less well understood compared with those 
toughened by rubber particles. These toughening contributions have been attributed to a 
variety of mechanisms. They can be broadly categorised as crack pinning [72, 73], crack 
deflection [5, 74], multiple crazing [75], shear yielding [27, 76] and debonding and void 
growth [5, 74, 77]. However, the effects of particle shape on the toughness of modified 
polymers were not investigated in these mechanisms.  
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2.5.2  Crack Pinning Mechanism 
 
For large rigid spherical particles, one of the most widely accepted toughening 
mechanisms is the crack pinning mechanism, which was originally suggested by Lange 
[73] and later analysed further by Evans [78].  In 1971 Lange and Radford [79] reported 
that the fracture energy of epoxy could be dramatically increased with the inclusion of 
alumina trihydrate rigid particles. They proposed that the process mainly responsible for 
the increased toughness was the crack pinning mechanism.  
 
Figure 2.5 schematically shows the mechanism of crack pinning. When the crack begins 
to propagate through the rigid particle modified polymer, the cack front tends to bow 
out between the rigid particles. The optical microscopy (OM) image in Figure 2.6 [80] 
shows the bowing lines in rigid glass particles toughened epoxy composites. 
Alternatively, some researchers [81] claimed that the evidence of crack pinning 
mechanism may be observed, where tails or steps were formed at the rear of the 
inclusion. Lange [73] suggested that when the bowed crack attained a radius of half of 
the inter-particle distance, the crack broke away from the pinning positions and created 
the characteristic tails or steps. 
 
In crack pinning, new fracture surface is formed and this results in an increase in the 
line energy of the crack front which is analogous to the theory of dislocations in metals. 
The increase in fracture energy of rigid particle modified brittle materials may be 
expressed by the model which was proposed by Lange [73]: 
 
            2 LIc Icm
TG G
ID
= +       Equation 2.28 
 
where IcG  is the fracture energy of toughened material, IcmG  is the fracture energy of 
the matrix, LT  is the line energy per unit length of crack front, and ID  is the inter-
particle distance. This model predicts that the fracture energy of the particulate 
composite will increase as the inter-particle distance decreases. Lange [73] also showed 
that the inter-particle distance must be many times smaller than the initial crack front 
length in order for the crack pinning mechanism to be effective. 
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Figure 2.5: Schematic showing the crack pinning mechanism for rigid particle 
modified brittle polymers [33, 82]. 
 
 
 
Figure 2.6: Optical micrograph of the fracture surface showing the crack front 
pinned between rigid glass particles [80]. 
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Evans [78] carried out a more detailed research on the calculation of LT , and confirmed 
that the line energy depended on both the particle size and shape. He observed that large 
rigid particles were more effective in pinning the crack front and allowing it to bow and 
increase in length before breaking away. He also recommended that in order for the 
rigid particles to induce the crack pinning mechanism, the particles should not be easy 
to penetrate and the thermal and elastic mismatch should be minimised to ensure that 
excessive stress concentration and premature failure do not occur. Green et al. [83] 
examined experimentally and theoretically the effects of particle and matrix adhesion in 
a nickel modified glass matrix. They found that low adhesion resulted in the fillers 
being relatively ineffective in pinning cracks.  
 
2.5.3  Crack Deflection Mechanism 
 
Another fracture mechanics approach which is used to predict fracture toughness 
increases due to crack deflection around second phase particles was proposed by Faber 
and Evans [84]. The crack deflection mechanism arises whenever the crack front 
encounters the rigid particles; it tilts and twists, and then passes around them. The tilting 
and twisting of the crack front causes an increase in the total fracture surface area and 
also causes the crack to grow locally under mixed-mode I/II conditions. High fracture 
energy is required for mixed mode failure as compared to mode I, resulting in increased 
fracture toughness.  
 
The increase in the total fracture surface area can be evaluated by comparing the 
measured fracture toughness with the surface roughness after fracture. Hull [85, 86] 
showed that the toughening effect due to the increase in the fracture surface area gave a 
linear relationship between the surface roughness and the overall toughening 
contribution. However, Johnsen et al. [5] suggested that the increases in the fracture 
surface area were not solely responsible for the increases in toughness, as the linear 
relationship may not always exist.  
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Figure 2.7: Schematic showing the path of a crack around a particle in rigid 
particle toughened polymers under stress: (a) Crack approaching a particle, (b) 
Crack moving around the equator of a poorly bonded particle and (c) Crack 
attracted to the pole of a well-bonded particle [87]. 
 
Figure 2.7 shows the effect of interfacial strength on the crack path when rigid particles 
are encountered. Poorly bonded particles attract the crack to the equator of the particles 
(Figure 2.7 (b)), where the maximum tensile stress occurs. In the case of well-bonded 
particles, the maximum stress should be in the matrix above and below the poles of the 
particles (Figure 2.7 (c)). 
 
2.5.4  Multiple Crazing Mechanism 
 
Kausch and Michler [75] found that the nano-particles may initiate multiple crazing of 
matrix, which would increase the toughness. A craze is initiated when an applied tensile 
stress causes micro-voids to nucleate at points of high stress concentrations in the 
polymer [33]. The micro-voids develop in a plane perpendicular to the maximum 
principal stress and become stabilized by fibrils of plastically deformed material 
spanning the craze. The craze is capable of transmitting loads.  
(a) (b) 
(c) 
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Figure 2.8: Schematic representation of craze formation in a nano-modified 
polymer composite [75].   
 
Figure 2.8 schematically shows the craze formation in a nano-modified polymer 
composite [75]. The rigid nano-particles added to the polymer caused stress 
concentrations. A large number of voids were generated by debonding of the nano-
particles. The materials between the voids were then stretched into fibrils. The plastic 
fibril deformation of the matrix can dissipate significant amount of energy during the 
fracture and increase the toughness of the material. 
 
2.5.5  Shear Yielding Mechanism 
 
Lee and Yee [77, 88, 89] suggested that the micro-shear yielding and diffuse shear 
yielding were the major toughening mechanisms of glass bead modified epoxies. The 
shear yielding mechanism is considered to be one of the most effective ways of 
toughening in polymers [72].  
 
The mechanism of the formation of micro-shear bands and diffuse shear bands was 
suggested by Kawaguchi and Pearson [90] (Figure 2.9). Firstly, the glass beads around 
the crack tip begin to partially debond from the matrix when they come into the stress 
field at the crack tip (Step 1 in Figure 2.9). Secondly, the micro-shear bands start to 
form from the debonded areas of the glass beads (Step 2) and grow (Step 3). Finally, the 
diffuse shear bands will form as the debonded area comes close to the crack tip (Step 4). 
The branching of diffuse shear bands occurs when there are several debonded particles 
around the crack tip, and the diffuse shear bands grow towards different debonded 
particles.  
CHAPTER 2                      LITERATURE REVIEW 
 45 
 
Figure 2.9: Schematic diagrams showing the formation of micro-shear bands and 
diffuse shear bands [90]. 
 
 
Figure 2.10: Transmission optical micrographs of an epoxy polymer containing 11 
wt.% nano-silica particles, showing the plane stress region taken using (a) normal 
light and (b) cross polarisers (Crack propagation was from left to right) [76].   
 
The rigid nano-particles added to polymer cause stress concentrations, which may result 
in the stress around the particles becomes higher than the yield stress of the matrix. The 
higher stress will initiate localised plastic shear yielding of the matrix around the 
Debonding in large area 
(Step 4) 
Growth of micro-shear bands 
(Step 3) 
Formation of micro-shear bands 
(Step 2) 
Partial debonding of spheres 
(Step 1) 
Diffuse shear band 
CHAPTER 2                      LITERATURE REVIEW 
 46 
particles. Shear yielding can absorb significant amount of energy, and increase the 
toughness of the material. The shear yielding was not identified from the surface 
micrographs, however, Hsieh et al. [76] and Liang and Pearson [27] identified the 
presence of shear bands in the nano-silica modified epoxy adhesives using transmission 
optical microscopy, as shown in Figure 2.10 (b).  
 
2.5.6  Debonding and Void Growth Mechanism 
 
Debonding of the rigid particles followed by plastic void growth of the matrix is another 
important toughening mechanism which has frequently been found for micron-sized 
rigid particles modified polymers. The debonding process is generally considered to 
absorb little energy compared to the plastic deformation of the matrix. However, 
debonding is essential because this reduces the constraint at the crack tip and hence 
allows the matrix to deform plastically via a void growth mechanism [91]. Figure 2.11 
depicts the fracture surfaces of large and small glass spheres modified epoxies [90]. The 
SEM images show that large scale particle-matrix debonding and subsequent void 
growth of the matrix had occurred in the process zone. 
 
 
Figure 2.11: SEM images showing particle-matrix debonding and void growth of 
(a) large glass sphere and  (b) small glass sphere modified epoxies [90]. 
 
(a) (b) 
10 μm 
 
50 μm 
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Figure 2.12: SEM images showing the fracture surface of nano-silica modified 
epoxy polymer (Selected voids with nano-particles are circled) [5]. 
 
Johnsen et al. in 2006 [5] and Hsieh et al. in 2010 [76] investigated the toughening 
mechanisms of nano-particle modified epoxy polymers. With the inclusion of 13 vol.% 
nano-silica, the fracture energy increased from 100 J/m2 for the unmodified epoxy to 
460 J/m2. They attributed the toughening to the debonding of nano-particles and 
subsequent plastic void growth. Figure 2.12 shows the presence of voids around several 
of the nano-particles.  
 
2.6  Fatigue of Polymers 
 
2.6.1  Introduction 
 
Machine components and structures are frequently subjected to repeated loads, and the 
resulting cyclic stress can lead to microscopic physical damage to the materials involved. 
The microscopic damage can accumulate with continued cycling until it develops into a 
crack or other macroscopic damage that leads to failure of the component. The sudden 
and possibly catastrophic failure of materials by application of cyclic loading is known 
as fatigue failure. Failure can occur at stress levels well below the ultimate quasi-static 
strength. The increasing rate of application of thermoplastics in design and engineering 
components which subjected to repeated loadings, such as gears and bearings, has 
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resulted in a demand for information on the behaviour of these materials in terms of 
their resistance to fatigue crack growth [92]. 
 
2.6.2  S-N Curves 
 
The traditional approach to fatigue life-time prediction involves the use of a fatigue 
threshold concept. This was originally developed by a German railway engineer, 
Wöhler, in the 1850s [93]. On investigating the fatigue life of train axles he observed 
that the strength of the steel axles subjected to cyclic loads was significant lower than 
their static strength. He began the development of design strategies for avoiding fatigue 
failures, and his work led to the characterisation of fatigue behaviour in terms of S-N 
curves. In this approach, an un-notched specimen is subjected to constant amplitude 
cycling until failure at N cycles. The applied stress, σ , is usually expressed as stress 
amplitude, max min( ) / 2aσ σ σ= − , or the mean stress, max min( ) / 2meanσ σ σ= + . A typical 
plot of σ  against N is known as S-N curve, as illustrated in Figure 2.13, and this led to 
the concept of fatigue threshold. The fatigue threshold is the stress limit below which 
fatigue does not occur in a defect free sample after a large number of cycles, usually in 
the order of 107 - 108 fatigue cycles. 
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Figure 2.13: S-N curve showing the variation in stress as a function of the number 
of cycles to failure [94]. 
CHAPTER 2                      LITERATURE REVIEW 
 49 
Although the experiments to construct an S-N curve are fairly simple, they can be 
expensive and time consuming. The reason is that failure arises from inherent flaws, 
giving rise to considerable scatter in the data and so several repeats at each stress level 
are required. Also, as a method for understanding and predicting the service life of 
engineering structures, the use of S-N curve alone is inadequate. The use of pre-cracked 
specimens to observe the rate of fatigue crack propagation (FCP), not only reduces the 
time and materials involved, but also simulates more real-life conditions for 
characterising the fatigue behaviour in materials, thus making it the most popular and 
widely used method for fatigue research. 
 
2.6.3  Fatigue Crack Propagation (FCP) 
 
Under the influence of cyclic loads, a crack would grow slowly and steadily until it 
reaches a critical size, at which failure would occur. The kinetics of FCP process can be 
examined simply by measuring the change in crack length of a pre-cracked sample as a 
function of cycle numbers. Many monitoring techniques have been employed to 
characterise the growth of crack length, such as compliance measurements, acoustic 
emission detectors, travelling optical microscope, and crack gauge by measuring the 
change in electrical resistance.  
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Figure 2.14: Schematic showing the plot of log(da/dN) versus log(ΔK) [95]. 
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Paris and Erdogan [96] proposed that the stress intensity factor, K , was the major 
controlling factor in the FCP process. The fatigue crack growth rate, /da dN , can be 
expressed in the terms of the stress intensity factor range, K∆  ( max minK K K∆ = − ). This 
type of relationship is now the most widely used, and data are usually presented in the 
form of K∆  and the resulting /da dN , plotted in a logarithmic scale. Typical materials 
exhibit a behaviour illustrated schematically in Figure 2.14. 
 
This curve usually has a sigmoidal shape. Starting from a given set of load or 
displacement conditions, the fatigue crack growth rate decreases to a point where K∆  
reaches the threshold value, thK∆ , which corresponds to a fatigue crack growth rate of  
10-10 m/cycle. When maxK  reaches to the fracture toughness of the material, KC, the 
crack growth accelerates significantly. The gradient of the curve in the middle section is 
also indicative of fatigue resistance – the steeper the curve, the more brittle the material 
and therefore less fatigue resistant the material tends to be and vice versa.  
 
2.6.4  Fatigue of Rubber Particle Modified Polymers 
 
Rubber particles can toughen polymers significantly via various toughening 
mechanisms including rubber bridging, crazing, shear yielding, cavitation and plastic 
deformation [54-65]. Many researchers [97-99] show that rubber particles can also 
improve the fatigue properties of polymers. Azimi et al. [99] investigated the effects of 
the size and volume fraction of rubber particles on the FCP of epoxy. Rubber particles 
of 0.2 μm and 1.5 μm with various volume fractions were added into an epoxy. It was 
found that the use of 0.2 μm diameter rubber particles resulted in about one order of 
magnitude improvement in FCP resistance than the use of 1.5 μm diameter particles. 
 
A transition in the FCP behaviour of rubber modified epoxy polymers was observed, 
because of the change in crack tip zone and rubber particle interactions [99]. The 
transition occurred at a specific K  level, TK , which corresponded to the condition 
where the size of the plastic zone was of the order of the rubber particle diameter. The 
rubber modified epoxies exhibited improved FCP resistance compared with the 
unmodified matrix when TK K∆ > ∆ . This was reported to be because the size of the 
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plastic zone becomes large compared with the size of rubber particles, and consequently 
rubber cavitation, shear yielding and plastic void growth mechanisms became active 
[99]. When TK K∆ < ∆ , both neat and rubber modified epoxies exhibited similar FCP 
resistance, because the plastic zone size is smaller than the size of rubber particles and 
the toughening mechanisms described above may not have occurred. It was also shown 
that the near threshold FCP behaviour was only affected by the rubber particle size and 
blending morphology, and was not affected by the volume fraction of the modifiers.  
 
2.6.5  Fatigue of Nano-particle Modified Polymers 
 
The addition of rigid nano-particles into polymers has been shown to impart significant 
improvement on the static mechanical properties of some polymers. However, limited 
investigations have been carried out to identify the effect of nano-particles on the FCP 
behaviour of polymers. Blackman et al. [100] investigated the fracture and fatigue 
behaviour of epoxy polymers modified by nano-silica particles. Silica nano-particles 
with an average particle size of about 20 nm were well dispersed into an epoxy 
polymers with weight fractions of up to 20.2 wt.%. The Young’s modulus and fracture 
toughness were found to increase steadily with increasing nano-contents. Significant 
improvements in the stress intensity factor range threshold, thK∆ , were also observed 
with the epoxy based nano-composites.  
 
Manjunatha et al. [101, 102] investigated the effects of micro-rubber and nano-silica 
particles on the tensile fatigue behaviour of epoxy polymer and a glass-fibre-reinforced 
epoxy composite. As shown in Figure 2.15, the fatigue life of micro-rubber modified 
and nano-silica modified epoxy was found to be 3 to 4 times longer than that of neat 
epoxy. The presence of both micro-rubber and nano-silica particles in the hybrid 
composite appeared to further enhance the fatigue life significantly, i.e. by a factor of 6-
10 times compared to the neat epoxy. The SEM studies showed that debonding of nano-
silica particles and subsequent plastic void growth of the matrix occurred during the 
FCP, which may have contributed to the improvement. Similar results were obtained by 
Zhou et al. [103, 104] on the study of carbon nano-fiber modified epoxy composites. 
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Figure 2.15: Stress versus lifetime (S-N) curves of epoxy polymers [101]. 
 
2.7  Nano-modified Polymer Composites 
 
2.7.1  Introduction 
 
Nano-technology is a new technology which holds a promising future in many 
engineering fields. The addition of nano-particles such as nano-silica [25, 105], nano-
ZnO [106, 107] and carbon nano-tubes (CNTs) [108, 109] into polymer matrix 
materials has been observed to dramatically change the mechanical, thermal, optical and 
electrical properties of the host polymers. The incorporation of uniformly dispersed 
nano-sized particles into polymer matrices can produce a large particle to matrix 
interfacial area per unit volume, differentiating nano-composites from virgin polymers 
and traditional micron-sized particle modified composites. These new materials are 
ideal candidates in many applications, including aerospace, automobile manufacturing, 
medical devices and sporting goods. Nevertheless, the overall performance of nano-
modified polymer composites can not be fully understood by the simple scaling 
arguments that apply to traditional polymer composites. 
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2.7.2  ZnO Nano-Modified Composites 
 
Zinc oxide (ZnO), as one of the multifunctional inorganic materials, has received much 
attention due to its distinguished performance in electronics, optics and photonics. ZnO 
nano-particles have been used as fillers for a series of polymers such as poly(styrene 
butylacrylate) (PSBA) [107], PMMA [18], polyacrylonitrile (PAN) [110], PS [111], 
epoxy [106], PC [112] and polyurethane (PU) [113]. However, the extent of the 
property modification strongly depends on the base polymer and on the size, dispersion 
of the nano-particles and on the adhesion between the filler and the matrix material.  
 
In 2003, Xiong et al. [107] prepared and synthesized ZnO nano-modified PSBA 
composites, and studied certain parameters, such as particle size, dispersant type, 
dispersing time on the mechanical and UV shielding properties. ZnO particles with the 
size of 60 nm and 100 nm were dispersed into PSBA. The gT  of the nano-composites 
was found to first increase and then decrease with the addition of 60 nm ZnO particles, 
but showed no significant change with the addition of 100 nm ZnO particles. Increasing 
nano-ZnO content or dispersibility could enhance the UV shielding properties of the 
nano-composites, and 60 nm ZnO particles were more effective than 100 nm particles. 
Similarly, Li et al. [106] in 2006 synthesized a transparent ZnO/epoxy nano-composite 
with higher visible light transparency and UV light shielding efficiency. It was reported 
that the nano-composite containing 0.07 wt.% ZnO particles with an average particle 
size of 26.7 nm after calcination at 350 °C possessed the best optical properties.  
 
It was reported that the nano-ZnO particles included may embrittle the composites. 
Carrión et al. [112] included nano-ZnO particles with an average particle size of 53 nm 
into PC, and found that the gT  and degradation temperature of the nano-composites 
decreased with increasing nano-content. The nano-particles also reduced the tensile 
strength and elongation at break dramatically. With 1 wt.% ZnO nano-particles, the 
tensile strength was reduced from 60.7 MPa to 28.4 MPa, and the elongation at break 
was reduced from 75.1% to 2.1%. However, the authors did not propose the reason 
which caused the catastrophic decrease in tensile strength and ductility. 
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Chae and Kim [110] prepared and investigated ZnO nano-modified PAN composites 
with an average nano-particle size of 87 nm. The incorporation of ZnO nano-particles 
greatly improved the thermal stability of PAN and increased the heat of crystallization 
by 18%. The Young’s modulus was found to increase steadily with increasing nano-
content, however, the elongation at break and fracture toughness decreased significantly. 
The addition of 5 wt.% nano-ZnO particles increased the Young’s  modulus by 14.5% , 
but decreased the fracture toughness by 70% from 2.97 MPa·m1/2 for the unmodified 
PAN to 0.88 MPa·m1/2. The dramatic decrease in toughness was attributed to the nano-
particle agglomerates at high content. 
 
Furthermore, Zheng et al. [113] found that the addition of less than 1 vol.% of 33 nm 
ZnO nano-particles into a PU matrix resulted in approximately 40% decrease in the 
Young’s modulus, 80% decrease in strain at fracture, and 50% decrease in the storage 
modulus, but at the same time it resulted in an about 11 °C increase in the gT . They 
proposed that the most likely reason for the disruption was the reaction between the 
surface hydroxyl groups of the ZnO nano-particles and the isocyanate groups of the PU 
matrix.  
 
2.8  Chapter Summary 
 
This chapter has introduced a background for the experimental work and discussions 
that will be presented in the following chapters. It reviewed the thermoplastic polymers, 
the basic principles of fracture mechanics, the theoretical models for the prediction of 
modulus, the toughening mechanisms of rigid particles to polymers. It also introduced 
the fatigue behaviour of rubber and nano-particle modified polymers, and reviewed the 
ZnO nano-modified polymer composites. The next chapter will describe the materials 
and the experimental techniques that have been used in this study. 
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CHAPTER 3 
 
 
3 MATERIALS AND EXPERIMENTAL 
PROCEDURES 
 
3.1  Introduction 
 
This chapter reviews the materials used in this study, as well as the experimental and 
data analysis methods that were employed to characterise the thermal and mechanical 
properties. Two styrene acrylonitrile (SAN) copolymers, polymethyl methacrylate 
(PMMA) and polyamide 6 (PA 6) investigated in this study were supplied by BASF SE, 
Germany. The characterisation procedures including the manufacture procedure, 
mechanical properties testing procedures and morphology analysis are also described.   
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3.2 The Materials Investigated 
 
3.2.1  Styrene Acrylonitrile (SAN)  
 
The majority of the work was undertaken with the nano-modified styrene acrylonitrile 
(SAN) composites. Styrene and acrylonitrile monomers (Figure 3.1) can be 
copolymerised to form a random, amorphous copolymer. The SAN copolymer generally 
contains 70% to 80% styrene and 20% to 30% acrylonitrile. It has improved weather 
resistance, fracture toughness, and barrier properties compared with polystyrene (PS). 
 
The polar nature of the acrylonitrile component increases the resistance of the 
copolymer to non-polar solvents such as oils and greases. This polarity also increases 
interactions between the copolymer molecules, resulting in higher heat distortion 
temperatures than PS. This combination also provides higher strength, rigidity, and 
chemical resistance, but it is not as optically clear as PS and its appearance tends to 
yellow more quickly. Like PS itself, SAN is optically transparent and brittle in 
mechanical behaviour. The copolymer has a glass transition temperature, gT , greater 
than 100 °C [114] due to the acrylonitrile units in the chain, thus the material is resistant 
to boiling water. Applications for SAN include food containers, kitchenware, computer 
products, packaging material, and cosmetics where oil resistance is needed.  
 
Two amorphous SAN copolymers with the trade names of Luran VLN and Luran VLP 
were investigated in this project. Luran VLN and Luran VLP contain 24% and 34% of 
acrylonitrile, respectively. 
 
 
 
 
 
 
 
Figure 3.1: Repeat unit of (a) polystyrene and (b) polyacrylonitrile [115]. 
 
(a) (b) 
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3.2.2  Polymethyl Methacrylate (PMMA)  
 
 
Figure 3.2: Repeat unit of polymethyl methacrylate [116]. 
 
Polymethyl methacrylate (PMMA), with the repeat unit shown in Figure 3.2, is the most 
important member of the group of acrylate polymers. It is a hard, clear, colourless, and 
transparent plastic, with a combination of stiffness, density, and moderate toughness. 
Due to its excellent optical properties, PMMA is in competition with polycarbonate 
(PC) in typical applications such as windshields, automobile headlights and outdoor 
signs. Although PMMA has better optical properties, it is brittle and not as tough or 
strong as PC. PMMA has a moderate gT  of about 100 °C, a heat deflection temperature 
in the range of 74 °C to 100 °C, and a maximum service temperature of about 93 °C 
[117]. The PMMA employed in the project has the trade name Lucryl G66. 
 
3.2.3  Polyamide (PA)  
 
The polyamide (PA) group is the largest family in both production volume and number 
of applications, owing to its properties [114]. These include high stiffness and strength, 
good abrasion resistance, good fracture toughness and fatigue resistance and low gas 
and vapour permeability. The polarity of the amide group makes PA very sensitive to 
solvents such as water. The water absorption properties of PA can significantly affect its 
mechanical properties, e.g. the tensile strength and tensile modulus can decrease by 
more than 20% with the absorption of water. PA is widely used to make fibres (tents, 
ropes and carpets), gears, rollers, shafts and bearings.  
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Figure 3.3: Polymerisation of caprolactam to PA 6 [118]. 
 
PA 6 (or polycaprolactam) was developed by Paul Schlack in 1938 [119]. Unlike most 
other PAs, PA 6 is not a condensation polymer, but instead is formed by ring-opening 
polymerisation. When caprolactam is heated to about 533 K in an inert atmosphere of 
nitrogen for about 4 to 5 hours, the ring breaks and polymerisation takes place as shown 
in Figure 3.3. The PA 6 used in the project has the trade name Ultramid B27E.  
 
3.2.4  The Nano-particles Added to the Polymers 
 
Nano-particles of zinc oxide (ZnO) being one of the multifunctional inorganic materials 
studied, has received broad attention in the literature due to its high performance in 
electronic, optical and photonic applications. It has many desirable physical and 
chemical properties, such as high chemical stability, intensive ultraviolet (UV) and 
infrared absorptions, a low dielectric constant and a high luminous transmittance 
activity. Therefore, nano-ZnO particles can potentially be used in semiconductors, 
piezoelectric devices, and as UV-shielding materials. It has been speculated that the 
introduction of nano-ZnO particles into polymers could improve their mechanical and 
optical properties due to the large interfacial area between the organic polymer and the 
inorganic nano-particles [18, 106].   
 
Three types of ZnO nano-particles have been studied in this project. They are denoted 
A, B and C. ZnO-A and ZnO-B particles are short nano-rods, while ZnO-C particles are 
nano-spheres. Figure 3.4 shows the dispersion of ZnO-A nano-particles (1.00 vol.%) in 
the VLN matrix. The ZnO-A nano-rods have an average particle diameter of 40 nm with 
an aspect ratio (length/diameter) of 4. The ZnO-B nano-rods have an average particle 
diameter of 12 nm with an aspect ratio of 3. Figure 3.5 shows the dispersion of 0.50 
vol.% ZnO-B nano-particles in the VLN matrix. The orientation of the ZnO-A and 
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ZnO-B nano-rods in the matrix was random, and there was no preferential alignment of 
the long axis. Figure 3.6 demonstrates the dispersion of the ZnO-C nano-particles (0.63 
vol.%) in the PMMA matrix. The ZnO-C phase consists of surface modified nano-
spheres with an average particle size of 10 nm in diameter. All the ZnO nano-particles 
have been surface modified.  
 
The volume fractions of nano-particles added were calculated from the weight fractions. 
They were also deduced by using atomic force microscopy (AFM) images and ImageJ 
software [120]. The AFM images showing the dispersion of nano-particles in the matrix 
materials were imported to ImageJ. The nano-particles were shown as ‘lighter regions’ 
on the AFM phase images as ZnO particles were much stiffer than the surrounding 
matrix polymer. The area fractions of ‘lighter regions’ in the AFM images were then 
calculated by using ImageJ. The area fractions were equal to the volume fractions if the 
nano-particles were uniformly dispersed in the matrix.   
 
 
Figure 3.4: Transmission electron microscopy (TEM) image showing the 
dispersion of 1.00 vol.% ZnO-A in the VLN (Courtesy of BASF). 
 
500 nm 
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Figure 3.5: TEM image showing the dispersion of 0.50 vol.% ZnO-B in the VLN 
(Courtesy of BASF). 
 
 
Figure 3.6: TEM image showing the dispersion of 0.63 vol.% ZnO-C in PMMA 
(Courtesy of BASF). 
500 nm 
1 μm 
CHAPTER 3                                                               MATERIALS AND EXPERIMENTAL PROCEDURES 
61 
3.2.5  The Formulations  
 
The formulations studied in this project are listed in Table 3.1. 
 
Table 3.1: The ZnO nano-modified VLN, VLP, PMMA and PA 6 formulations. 
Polymer Formulation Nano-type 
Surface 
Modifier 
Nano-
particle 
content 
(wt.%) 
Nano-
particle 
content 
(vol.%) 
SAN 
Luran VLN 
SAN-24-0 - - 0.00 0.00 
   SAN-24-0.10 A (S)(1)  ZnO-A     Silane A(2) 0.56 0.10 
SAN-24-1.04 A (S) ZnO-A Silane A 5.82 1.04 
SAN-24-2.00 A (S) ZnO-A Silane A 11.20 2.00 
SAN-24-0.05 B (T) ZnO-B    TODS(3) 0.28 0.05 
SAN-24-0.10 B (T) ZnO-B TODS 0.56 0.10 
SAN-24-0.30 B (T) ZnO-B TODS 1.68 0.30 
SAN-24-0.50 B (T) ZnO-B TODS 2.80 0.50 
SAN-24-0.10 C (S) ZnO-C Silane B 0.56 0.10 
SAN-24-0.27 C (S) ZnO-C Silane B 1.51 0.27 
SAN-24-0.63 C (S) ZnO-C Silane B 3.53 0.63 
SAN-24-1.25 C (S) ZnO-C Silane B 7.00 1.25 
SAN 
Luran VLP 
SAN-34-0 - - 0.00 0.00 
SAN-34-0.10 B (T) ZnO-B TODS 0.56 0.10 
SAN-34-0.50 B (T) ZnO-B TODS 2.80 0.50 
SAN-34-1.00 B (T) ZnO-B TODS 5.60 1.00 
PMMA 
Lucryl G66 
PMMA-0 - - 0.00 0.00 
PMMA-0.10 C (S) ZnO-C Silane B 0.56 0.10 
PMMA-0.18 C (S) ZnO-C Silane B 1.01 0.18 
PMMA-0.36 C (S) ZnO-C Silane B 2.02 0.36 
PMMA-0.63 C (S) ZnO-C Silane B 3.53 0.63 
PA 6 
Ultramid B27E 
PA 6-0 - - 0.00 0.00 
PA 6-0.10 C (S) ZnO-C Silane B 0.56 0.10 
PA 6-0.18 C (S) ZnO-C Silane B 1.01 0.18 
PA 6-0.36 C (S) ZnO-C Silane B 2.02 0.36 
PA 6-0.63 C (S) ZnO-C Silane B 3.53 0.63 
PA 6-0.10 C (P) ZnO-C Phosphonate 0.56 0.10 
PA 6-0.18 C (P) ZnO-C Phosphonate 1.01 0.18 
PA 6-0.36 C (P) ZnO-C Phosphonate 2.02 0.36 
PA 6-0.63 C (P) ZnO-C Phosphonate 3.53 0.63 
 
(1) SAN containing 24 wt.% acrylonitrile and 0.10 vol.% ZnO-A nano-particles which 
were surface modified with silane. 
(2) Silane A and B are different. 
 (3) Trioxadecanoic acid. 
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3.3 Experimental Procedures 
 
3.3.1  Manufacturing the Nano-modified Thermoplastic 
Composites 
 
The nano-modified thermoplastic composites were manufactured by BASF. ZnO nano-
particles were surface modified before blending with the thermoplastics in order to 
improve the dispersion. The thermoplastic and ZnO blends were prepared in a Werner 
and Pfleiderer ZSK-30 twin screw extruder (Germany) at rotation speeds of 300, 250, 
150 and 100 rpm, respectively. Prior to compression moulding, the raw sheets were 
dried at 80 °C in vacuum for 36 hours in order to remove any absorbed moisture. The 
resulting sheets were then compression moulded into 4 mm, 5 mm and 6 mm plates 
using a hot compression machine (DAKE, USA) according to the moulding procedure 
shown in Table 3.2. 
 
 
Figure 3.7: The compression moulding machine that was used to prepare the 
panels.  
 
Upper heating plate 
Lower heating plate 
Pressure control 
meter 
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Table 3.2: The compression moulding procedure used to prepare the panels. 
  Phase 1 Phase 2 Phase 3 Phase 4 
Temperature (ºC) 200 200 200 25 
Time (mins) 3 3 5 20 
Pressure (MPa) 0.2 0.5 5 5 
 
3.3.2  Tensile Testing 
 
The tensile tests were carried out on an Instron testing machine (model 5584) running 
Bluehill™ control software. The tests were conducted in accordance to ISO 527-2 [121] 
and ASTM D638-10 [122] standards to determine the tensile properties. The dumbbell 
samples, approximately 4 mm wide and either 4 mm or 5 mm thick were used (see 
Figure 3.8). At least five specimens were tested for each formulation. All tests were 
performed using a contact extensometer with a gauge length of 25 mm. Figure 3.9 
shows the set up for the tensile tests. The tests were performed at a crosshead speed of 1 
mm/min at 23 ºC and 80 ºC, as will be discussed in section 3.3.6.  
 
 
Figure 3.8: Schematic diagram of the tensile specimen used [121]. 
 
where                   Dimensions (mm) 
3L  Overall length 72 ± 0.5 
1L  Length of narrow parallel-sided portion 37 ± 0.2 
R  Radius ≥ 60 
2b  Width at ends 12.5 ± 0.2 
1b  Width of narrow portion 4 ± 0.2 
h  Thickness 4 or 5 
0L  Gauge length 25 ± 0.2 
L  Initial distance between grips 50 ± 0.5 
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Figure 3.9: The test set up used to obtain the tensile properties.  
 
The load values were obtained from the load cell mounted on the Instron machine. The 
normal (or engineering) stress is defined on the basis of the initial cross-sectional area 
of the test specimen: 
 
0
F
A
σ =  Equation 3.1 
 
where F  is the applied load, 0A  is the undeformed cross-sectional area. The elongation, 
0( )l l− , measured using a displacement gauge, is normally expressed as the elongation 
per unit length, or engineering strain, and is given by: 
 
0
0
( )l l
l
ε
−
=  Equation 3.2 
 
where 0l  is the original gauge length before any load is applied, and l  is the 
instantaneous length.  
 
Tensile Grips 
Test specimen 
Extensometer 
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Young’s modulus, E , is defined on the basis of two specified strain values [121]: 
 
2 1
2 1
E σ σ
ε ε
−
=
−
 Equation 3.3 
 
where 1σ  is the stress measured at the strain 1 0.05%ε = , and 2σ  is the stress measured 
at the strain 2 0.25%ε = . The lower strain value is not set to zero to avoid errors in the 
measured modulus caused by possible onset effects of the stress/strain curve [121].  
 
3.3.3  Compressive Testing 
 
The uniaxial compressive test is a relatively simple test method, and is very useful for 
determining the yield properties of relatively brittle materials such as SAN and epoxy.  
Testing such materials in tension can lead to brittle failure prior to the yield point. This 
can be due to the effects of surface marks, scratches, air bubbles or due to the effects of 
crazing. During uniaxial compression, brittle tensile fracture is avoided and plastic 
yielding can be observed prior to failure. 
 
 
Figure 3.10: The test set up used to obtain the compressive properties. 
High strength steel  
compression plates 
Test specimen 
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Cylinders, approximately 6 mm in height (parallel to the axis of compressive force) and 
20 mm in diameter, were used in accordance to ISO 604 [123]. Three different 
diameters, namely 10 mm, 20 mm and 30 mm were also employed in order to 
investigate the effects of aspect ratio (radius over height) on the measured compressive 
modulus, cE ,  and compressive yield stress, cyσ . A synthetic grease (Super Lube, USA) 
was used as to reduce the friction between the surfaces of the specimens and the steel 
compression plates. The cylindrical specimens were tested on an Instron testing 
machine (model 5584) at a constant crosshead speed of 1 mm/min and test temperatures 
of 23 ºC and 80 ºC. Figure 3.10 shows the set up for compressive tests. 
 
According to ISO 604 [123], cE  can also be obtained between two specified strain 
values, i.e. 0.05% and 0.25%. However, the initial region of the stress-strain curve is 
quite nonlinear due to the system compliance. Consequently, the values of the tangent 
modulus were taken from engineering stresses between 20 MPa and 60 MPa with 
corresponding strains in the range of 0.5% and 1.5%.  The linear regression coefficient, 
2R , of the stress versus strain during this period was greater than 0.99. Compressive 
yield stress, cyσ , was defined as the first stress at which an increase in strain occurs 
without an increase in stress. Compressive yield strain, cyε , was defined as the strain 
corresponding to the compressive stress at yield.   
 
3.3.4  Fracture Testing 
 
Fracture tests were performed on single edge notch bending (SENB) specimens 
according to ISO 13586 [124] and ASTM D5045-99(2007)e1 [125], to obtain the mode 
Ι  fracture toughness, IcK , and the fracture energy, IcG , at fracture initiation. The 
schematic of an SENB specimen is demonstrated in Figure 3.11. 
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Figure 3.11: Schematic diagram of an SENB specimen. 
 
where                  Dimensions (mm) 
W  Width                        12 ± 0.2 
B  Thickness 6 ± 0.2 
a  Crack length 6 ± 0.5 
sL  Span between rollers 48 ± 0.2 
L  Overall length 50.4 ± 0.2 
 
 
Figure 3.12: The test set up used to obtain the fracture properties. 
Test specimen 
Sprung spacer with 
extensometer 
 
3-point bending rig 
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A natural pre-crack was produced by tapping a new razor blade into the notch tip prior 
to testing. For brittle materials, the tapping technique was difficult, and resulted in some 
broken SENB specimens. For tough materials, cryo-tapping was used, i.e. the razor 
blade was cooled in liquid nitrogen prior to tapping. All tests were performed on an 
Instron testing machine (model 5584) running Bluehill™ control software. Figure 3.12 
shows the set up for fracture tests. 
 
The SENB specimens were tested at a constant displacement rate of 1 mm/min, and at 
test temperatures of 23 ºC and 80 ºC. Indentation correction tests were carried out as 
specified in [125] at a crosshead speed of 0.25 mm/min, such that the loading times 
were similar as those in the fracture tests.  
 
In order for a result to be considered valid according to [124], it is required that the size 
criterion be satisfied according to the following equation: 
 
2, , ( ) 2.5( / )Q yB a W a K σ− >  Equation 3.4 
 
where B , W  and a  are the thickness, width and crack length (pre-notch plus razor 
crack) of the specimen, respectively. QK  is the conditional or trial IcK  value and yσ  is 
the yield stress of the material measured at the same temperature and loading rate as in 
the fracture test. 
 
This criterion requires that B  must be sufficient to ensure plane strain and that ( )W a−  
be sufficient to avoid excessive plasticity in the ligament. If ( )W a−  is too small, the 
test may violate the linear elastic fracture mechanics (LEFM) criterion [124]. If non-
linearity in loading occurs, a possible option is to increase W  for the same B . Values of 
/W B  of up to 4 are permitted [125].  
 
The fracture toughness, IcK , is deduced from the SENB tests, using:  
 
1/2( ) ( )
Q
Ic
F
K
BW f x
=  Equation 3.5 
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Figure 3.13: Load-displacement curve for a notched test specimen [124]. 
 
where QF  is the load at crack initiation, /x a W= , and : 
 
2
1/ 2
3/ 2
[1.99 (1 )(2.15 3.93 2.7 )]( ) 6
(1 2 )(1 )
x x x xf x x
x x
− − − +
=
+ −
 Equation 3.6 
 
In an ideal linear elastic material, the load-displacement curve is linear with an abrupt 
drop at the instant of crack initiation, in which case, QF  can be defined as the maximum 
load. In most cases, there is some non-linearity in the curve and this can be due to 
plastic deformation at the crack tip, non-linear elasticity, general visco-elasticity or 
stable crack growth after initiation but prior to instability. The first three effects violate 
the LEFM assumption and the fourth one means that the true initiation load is not 
defined by the maximum.  
 
In order to circumvent a doubtful definition of initiation, an arbitrary rule is used [124] 
(Figure 3.13). Firstly, a best fit straight line AB is drawn to determine the initial 
compliance, C . C  is given by the reciprocal of the slope of line AB. Then a further line 
Fmax 
AB AB’ 
FQ 
WB 
Displacement, s 
L
oa
d,
 F
 
CHAPTER 3                                                               MATERIALS AND EXPERIMENTAL PROCEDURES 
70 
AB’ with a compliance 5% greater than that of line AB is drawn. If the maximum load 
that the specimen is able to sustain, maxF , falls within lines AB and AB’, then maxF  is 
used to find cKΙ . If maxF  falls outside lines AB and AB’, then the intersection of line 
AB’ and load curve is taken and termed QF . Furthermore, if max / 1.1QF F < , QF  is used 
in the calculation of cKΙ . However, if max / 1.1QF F > , the test is invalid. 
 
The fracture energy, IcG , can be obtained from: 
 
2
2(1 )IcIc
KG
E
ν= −  Equation 3.7 
 
where E  is the modulus of elasticity from the tensile tests, and ν  is Poisson’s ratio of 
the polymer, taken to be 0.35 [33] for the materials employed in this project. However, 
many uncertainties are introduced by this procedure and it is considered preferable to 
determine IcG  directly from the energy derived from an integration of the load versus 
displacement curve up to the same load point as used for IcK . In fracture tests, IcG  can 
be calculated as follows: 
 
Ic
UG
BWφ
=  Equation 3.8 
 
Q iU U U= −  Equation 3.9 
 
where U  is the energy after correction, QU  is the energy derived from fracture test, iU  
is the energy derived from indentation test, and φ  is a parameter as specified in [124]. 
 
A cross-check on the accuracy of the results can be made since the Young’s modulus, 
E ,  is related to the stiffness, S , and IcG  and IcK  as: 
 
22 ( )
stiff
f x SE
B
φ
=  Equation 3.10 
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2
Ic
fract
Ic
KE
G
=  Equation 3.11 
 
where ( )f x  is the geometry calibration factor, and S  is the stiffness of the test 
specimen, which is the reciprocal of the corrected compliance, cC . cC  can be obtained 
from the measured compliance in the fracture test, QC , and the compliance from 
indentation test, iC , according to: 
 
c Q iC C C= −  Equation 3.12 
 
Usually, stiffE  is slightly larger than fractE . However, if the difference exceeds 15%, the 
results obtained for IcG  and IcK  are examined for possible errors [125].  
 
3.3.5  Fatigue Testing 
 
The fatigue behaviour of the nano-particle modified thermoplastics has been studied 
using a fracture mechanics approach. Fatigue crack propagation (FCP) experiments 
involve the measurement of the incremental crack length, da , from a sharp pre-cracked 
specimen of defined geometry. The crack growth rate is expressed as /da dN  (usually 
measured in mm/cycle), where dN  is the number of fatigue cycles corresponding to the 
crack extension. Commonly used geometries for polymers include the SENB and 
compact tension (CT) specimens.  
 
CT specimens with a thickness, B, of 6 mm and width, W, of 45 mm were 
manufactured, as specified in ASTM E647-08e1 [126] and ISO 15850 standards [127]. 
Figure 3.14 shows the geometry of the CT specimens employed for the fatigue tests. 
They were pre-cracked via the crack tapping method with new razor blades to ensure 
the growth of natural cracks ahead of the machined notch. The fatigue tests were carried 
out on a servo-hydraulic Instron machine (model 8872), as is shown in Figure 3.15, 
coupled with a 1 kN load cell to accommodate the relatively low loads measured. At 
least two repeat tests were carried out for each formulation, in order to determine the 
threshold value, below which there was no fatigue crack propagation.  
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Figure 3.14: Schematic diagram of a CT specimen. 
 
 
Figure 3.15: CT specimen and the test set up to obtain the fatigue properties. 
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Fatigue testing can be conducted either under displacement-control or load-control. 
Under load-control the crack growth rate, ( /da dN ), increases as the crack grows which 
may result in a catastrophic failure, i.e. the fatigue test was completed almost instantly. 
While under displacement-control the crack growth rate decreases with increasing crack 
length. The importance of this aspect is evident when attempting to detect and measure 
the fatigue threshold limit. 
 
The fatigue tests were all conducted in displacement-control at a fixed displacement 
ratio, R  (Equation 3.15), of 0.5 and a test frequency of 5 Hz. The two parameters are 
commonly employed in fatigue tests for polymers [128]. The maximum displacements, 
maxδ , were chosen at the points where the loads corresponded to half of the fracture 
toughness, IcK , and the zero displacement, zeroδ , was chosen at the point of zero load 
(i.e. when the shackle in the machine was about to begin loading the CT specimens). 
The following parameters were used as input parameters to the test machine: 
 
max min
2a
δ δ
δ
−
=  Equation 3.13 
 
max min
2mean
δ δ
δ
+
=  Equation 3.14 
 
min
max
R δ
δ
=  Equation 3.15 
 
0
0.5
1
1.5
2
2.5
3
3.5
0 3.14 6.28 9.42 12.56
aδ
      t
zeroδ
meanδ
minδ
maxδ
δ
 
Figure 3.16: The displacement of crosshead versus time in the fatigue tests. 
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where aδ  is the displacement amplitude, meanδ  is the mean position at which the 
crosshead will start oscillating, and maxδ  and minδ  are the maximum and minimum 
positions of the crosshead (Figure 3.16).   
 
There are a number of techniques available for measuring the fatigue crack growth rate. 
This choice depends on a compromise between the quality of information required, cost 
of apparatus, the ease of operations and the ease of interpretation of the output. The 
most common methods can be divided into two broad categories: (i) direct observation, 
i.e. the crack can be directly observed during the tests or (ii) indirect observation, i.e. a 
parameter (load or electrical resistance) dependant on the crack length is recorded 
during the tests. 
 
Direct observation using a travelling microscope is the simplest method of monitoring 
the crack growth. It basically consists of viewing the side of specimen through an 
optical microscope which is fixed to a rigid base. Although it is a fairly simple 
technique, it is extremely tedious and time consuming for the researcher.  
 
‘Krak-gauge’ and ‘Fractomat’ from Rumul (Neuhausen am Rheinfall, Switzerland) are 
trade names for a commercially available monitoring system. The Krak-gauge consists 
of a thin (~5 um) constantan metal foil which is bonded, much like a strain gauge, to 
one side of the specimen using standard ‘M-bond’ adhesive resin and a curing agent 
from Vishay (Selb, Germany). During the fatigue test, the Krak-gauge is connected to a 
computer via a Fractomat, and is torn simultaneously with the crack in the test 
specimen. This results in a linear change in electrical resistance of the gauge that is 
directly proportional to the crack length.   
 
In the first few tests conducted, an optical microscope was also used to monitor the 
crack growth in order to check the results and to avoid misinterpretation of the data in 
case the crack lengths on both sides were different. The crack length measurements 
were taken at intervals as close as 1 ~ 2 minutes initially, when the loading conditions 
were at their maximum, prompting a rapid crack growth rate. Once the tests stabilised 
into slower crack propagation rates, the measurements were taken at intervals of 5 
minutes.  
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‘Chart 4’ software (AD Instruments, New Zealand) installed in the computer was used 
to record the load, crosshead position and crack length from the Krak-gauge. The data 
collected by the software were then used to calculate the following values: 
   
max,min
max,min 1/2( )
P
K f x
BW
=  Equation 3.16 
 
2 2
max,min
max,min
(1 )K
G
E
ν−
=  Equation 3.17 
 
max minK K K∆ = −  Equation 3.18 
 
max minG G G∆ = −  Equation 3.19 
 
where:  
 
2 3 4
3/2
2( ) (0.886 4.64 13.32 14.72 5.6 )
(1 )
/
xf x x x x x
x
x a W
+
= + − + −
−
=
 Equation 3.20 
 
The crack growth rate, /da dN , can be calculated by the secant method, which is 
introduced in the ISO 15850 standard [127]. The secant method involves calculating the 
slope of the straight line connecting two adjacent data points on the a  versus N  curve. 
It is more formally expressed as: 
 
1
1
( )
( )
i i
i i
a ada
dN N N
+
+
−
=
−
 Equation 3.21 
 
However, this method has its limitations [128], since it can lead to a large scatter in the 
values of /da dN deduced. As an alternative, the incremental polynomial method is 
recommended in the ASTM E647-08e1 standard [126]. This method involves fitting a 
second-order polynomial to sets of (2 1)n + successive data points, where n  is usually 1, 
2, 3, or 4. In this project, the value of n  has been taken to be 3, i.e. 7 successive points 
have been taken and curve fitted to determine /da dN .  
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The incremental polynomial method can be expressed as: 
 
21 1
0 1 2
2 2
( ) ( )i ii
N C N Ca b b b
C C
− −
= + +  Equation 3.22 
 
where: 
 
21
2
1 ( ) 1iN C
C
−
− ≤ ≤  Equation 3.23 
 
and 0b , 1b  and 2b  are the regression parameters that are determined by the least squares 
method over the range of  3 3i ia a a− +≤ ≤ . The value of ia  is the fitted value of crack 
length at iN . The parameters, 1 3 31/ 2( )i iC N N− += +  and 2 3 31/ 2( )i iC N N+ −= −  are used 
to scale the input data. The crack growth rate is then obtained by differentiating 
Equation 3.22 with respect to iN  to give the expression: 
 
11
2 2
2 2
2 ( )iN Cbda b
dN C C
−
= +  Equation 3.24 
 
By plotting log( / )da dN  against log( )K∆  or maxlog( )G , a sigmoidal shape curve can be 
obtained. Figure 3.17 shows a typical plot of log( / )da dN  versus maxlog( )G  for the 
unmodified VLP matrix (SAN-34-0), from which three distinct regions can be 
identified.  
 
Region I is associated with fast fracture, as observed in a typical static test. The crack 
propagation rates in this region are usually very rapid, and are not very sensitive to the 
test environment. Region II of the curve, referred to as the Paris-law region, 
characterises stable fatigue crack growth. Of the numerous relations proposed to 
correlate the fatigue crack growth rate, /da dN , to the loading and specimen 
parameters, Equation 3.25 proposed by Paris and Erdogan [96] in 1963 has gained 
widest acceptance. They showed that the crack growth per unit cycle in a material could 
be related to a fracture mechanics parameter, such as stress intensity factor, K , or 
fracture energy, G . 
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( )nda A K
dN
= ∆  Equation 3.25 
 
where A  and n  are constants, and they may be influenced by the variables such as 
material micro-structure, environment, frequency, temperature, wave form and stress 
ratio. A linear relationship often exists between log( / )da dN  and log( )K∆  or maxlog( )G  
in the Paris-law region.  
 
The possibility that fracture surfaces come into contact each other during the unloading 
part of the cycle is high when a fatigue test reaches the threshold region, even though 
the fatigue loading still remains in tension throughout the entire cycle. The surface 
roughness and any debris left by the fracture of the specimens could prevent the crack 
from closing properly, producing higher minK  and minG  values. By plotting 
log( / )da dN  against maxlog( )G , this complication can be avoid. Therefore, maxG  is used 
as the primary parameter for illustrating the fatigue behaviour in this thesis, as its value 
is independent of any facial contact in the fatigue cycle.  
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Figure 3.17: A typical plot of log(da/dN) versus log(Gmax); these data values are 
taken from the fatigue results of the unmodified VLP matrix (SAN-34-0). 
max( )
mda B G
dN
=
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Equation 3.25 may be re-written as: 
 
max( )
mda B G
dN
=  Equation 3.26 
 
where B  and m  are constants unique to the system under investigation.  
 
Region III, referred to as the fatigue threshold region, is where the crack propagation 
rate almost approaches zero as maxG  decreases to a limiting threshold value max( )thG . 
For most materials, an operational, though arbitrary, definition of max( )thG  is given as 
that maxG  which corresponds to a fatigue crack growth rate of 10
-10 m/cycle. Normally, 
the higher the fatigue threshold, the more fatigue resistant the material is. 
 
3.3.6  Test Settings for Elevated Temperatures 
 
   
Figure 3.18: Environmental chamber set up for tests at elevated temperatures. 
Thermometer 
Environmental 
chamber  
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All tests at 80 °C were carried out in an environmental chamber (Figure 3.18). The test 
chamber allowed for reasonably accurate control (±1 °C) by using two thermometers; 
one thermometer was inserted into a referenced sample, while the other was hanging in 
the chamber. The chamber was heated up gradually to the designated temperature (80 
°C), and all specimens were put into the chamber at that temperature for 1 hour prior to 
testing in order to ensure the uniform temperature distribution within the specimen. 
Once a specimen was mounted and the chamber door was closed, at least 10 minutes 
soaking time allowed the temperature in the chamber to equilibrate, and for the readings 
from the two thermocouples to become the same.  
 
3.3.7  Dynamic Mechanical Thermal Analysis (DMTA) 
 
Dynamic mechanical thermal analysis (DMTA) or dynamic mechanical analysis (DMA) 
was carried out according to standard ISO/DIS 6721-11 [129]. It is a technique used to 
study and characterise the viscoelastic properties of materials. It can be simply 
described as applying an oscillating force to a sample and analyzing the material 
response to that force. Dynamic modulus is the ratio of stress to strain under vibratory 
conditions. In purely elastic materials, the stress and strain are in phase and 
simultaneous. However, in purely viscous materials, there is a phase difference between 
stress and strain, where strain lags stress by 90°. Viscoelastic materials exhibit 
behaviour somewhere in between purely viscous and purely elastic materials. 
Viscoelastic materials such as polymers typically exhibit two distinct regimes in their 
mechanical response. They exhibit the properties of a glass (high modulus) at low 
temperatures and those of rubber (low modulus) at high temperatures. By varying the 
temperature during a DMTA experiment the transition from glass to rubber (the glass 
transition) can be observed. The glass transition temperature, gT , can also be measured 
by differential scanning calorimetry (DSC). Stress and strain in a viscoelastic material 
can be represented using the following equations: 
 
0 sin( )tε ε ω=  Equation 3.27 
 
0 sin( )tσ σ ω δ= +  Equation 3.28 
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where ω  is the period of strain oscillation, t  is time, δ  is the phase lag between stress 
and strain, 0ε  and 0σ  are the strain and stress amplitudes during the cycle. 
 
The storage and loss moduli in viscoelastic materials measure the stored energy, 
representing the elastic portion and the energy dissipated as heat, representing the 
viscous portion. The tensile storage modulus, 'E , and loss modulus, ''E , can be 
described as follows: 
 
' 0
0
cos( )E σ δ
ε
=  Equation 3.29 
 
'' 0
0
sin( )E σ δ
ε
=  Equation 3.30 
 
The gT  was determined to be the temperature at which the peak value of the loss factor, 
' ''tan /E Eδ = ,  occurred. 
 
Bars of 50 mm x 3 mm x 2 mm were tested in a ‘PerkinElmer DMA 8000’ apparatus. 
The 'E  and tanδ  were calculated as a function of temperature over the range of 20 °C 
to 140 °C at frequencies of 1 Hz and 10 Hz and a temperature ramp rate of 2 °C/min. 
Dual cantilever mode, as illustrated in Figure 3.19, was employed in the current tests, 
due to it provided a better support for the specimen by clamping the both ends [130].  
 
                                                           
 
Figure 3.19: Dual cantilever clamping mode [131]. 
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3.3.8  Differential Scanning Calorimetry (DSC)  
 
Differential scanning calorimetry (DSC) is a thermal analytical technique in which the 
amount of heat required to increase the temperature of a sample and a reference sample 
are measured as a function of temperature [132]. The basic principle underlying this 
technique is that the sample and reference are maintained at the same temperature 
throughout the experiment. When the sample undergoes a physical transformation, more 
or less heat will be needed than the reference to maintain both at the same temperature. 
By observing the difference in the heat flows in the sample and reference, DSC is able 
to measure the amount of heat absorbed or released during such transitions. Hence, DSC 
can be used to observe the thermal transitions in polymers. 
 
The DSC tests were performed in a nitrogen atmosphere with a sample mass of about 10 
mg according to the ISO standard 11357-2 [133]. The scanning rate was 10 °C/min. The 
DSC measurements on polymers are greatly affected by the thermal history and 
morphology of the specimens. It is important that a preliminary heat cycle is performed 
and that the measurements of gT  are taken from the second heat scan. To completely 
eliminate the thermal history, the sample was held at 180 °C for 3 minutes, and then 
cooled down to 30 °C at the same heating rate. A typical heat flow versus temperature 
curve for DSC is shown in Figure 3.20. The gT  is defined as the inflection point in the 
second scan. 
 
3.3.9  Scanning Electron Microscopy (SEM)  
 
A ‘Hitachi S-3400N VP’ scanning electron microscope was used to investigate the 
fracture surfaces after SENB tests and fatigue tests. Typically, an accelerating voltage of 
15 kV was used, and the working distance was around 10 mm. The fracture surfaces 
were sputter coated with gold to reduce the charging effect prior to the SEM 
examinations. The SEM images not only show the morphology of the specimens, but 
also show the roughness of the fracture surface and the path of fracture.  
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Figure 3.20: Typical DSC plot showing the heat flow versus temperature. 
 
3.3.10  Atomic Force Microscopy (AFM)  
 
Atomic force microscopy (AFM) analysis was undertaken using a ‘MultiMode’ 
scanning probe microscope from Veeco (Santa Barbara, USA) equipped with a ‘J’ 
scanner and a ‘NanoScope IV’ controller, as is shown in Figure 3.21. A smooth surface 
was first prepared by cutting the samples on a ‘cryo-ultramicrotome’ at 23 °C. The 
scans were performed in tapping mode using etched silicon probes supplied by Veeco 
and both height and phase images were recorded simultaneously. The height image 
records the deflection of the cantilever and gives an impression of surface topography.  
The phase image is more useful, as it is a measure of the surface stiffness as measured 
by the phase change of the vibrating ‘tapping mode’ cantilever. 
 
1st heating cycle 
Cooling cycle 
2nd heating cycle 
Tg 
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Figure 3.21: ‘MultiMode’ scanning probe microscope set up for AFM tests. 
 
3.4 Chapter Summary 
 
This chapter has reviewed the materials tested in the present study and the experimental 
procedures which were employed to characterise the unmodified and nano-modified 
thermoplastics. In Chapter 4, the results obtained for the ZnO-A and ZnO-B nano-
modified SAN (VLN) composites will be analysed – this involves a microscopy in 
addition to the fracture mechanics results obtained from the quasi-static and fatigue 
tests. 
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CHAPTER 4 
 
 
4 ZNO-A AND ZNO-B NANO-
MODIFIED SAN (VLN) SYSTEM 
 
4.1  Introduction 
 
This chapter describes the investigation into the materials comprising the styrene 
acrylonitrile (SAN) matrix and reinforced ZnO nano-rods. Luran VLN is a trade name 
of SAN, which contains 24% acrylonitrile. Two types of ZnO nano-particles were 
employed, denoted A and B. As described in Chapter 3, ZnO-A particle has an average 
diameter of 40 nm with an aspect ratio (length/diameter) of 4, and ZnO-B particle has 
an average diameter of 12 nm with an aspect ratio of 3.  
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Atomic force microscopy (AFM) was used to investigate the microstructure of the 
matrix and the nano-modified systems. Dynamic mechanical thermal analysis (DMTA) 
and differential scanning calorimetry (DSC) were carried out to determine the glass 
transition temperature, gT , of VLN and its ZnO nano-modified composites. The 
resulting mechanical behaviour was studied using various tests including tensile, 
compressive and fracture tests at 23 °C and 80 °C, and fatigue tests at 23 °C. Finally, 
scanning electron microscopy (SEM) was employed to study the fracture surfaces of the 
specimens and to pursuit a bettering understanding of the fracture and toughening 
mechanisms to be developed. 
 
4.2  Microstructure 
 
4.2.1  VLN  
 
The AFM image shown in Figure 4.1 depicts the morphology of the unmodified VLN, 
termed here SAN-24-0 (SAN containing 24 wt.% acrylonitrile and 0 vol.% ZnO nano-
particles). A flat surface was obtained by microtoming at room temperature. The 
unmodified VLN was featureless, which is expected for a homogeneous thermoplastic 
polymer. The lines are knife marks from the microtoming process. 
 
 
Figure 4.1: AFM phase image showing the featureless morphology of the 
unmodified VLN (SAN-24-0).  
2 μm 
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4.2.2  ZnO-A Nano-modifed VLN  
 
Figure 4.2 shows the AFM images of VLN composite containing 0.10 vol.% ZnO-A 
nano-particles, termed here SAN-24-0.10 A (S) (SAN containing 24 wt.% acrylonitrile 
and 0.10 vol.% ZnO-A nano-particles which were surface modified with silane). Both 
height and phase images were recorded simultaneously, and are shown in Figure 4.2. 
The height image records the deflection of the cantilever and gives an impression of 
surface topography, while the phase image measures the surface stiffness. The nano-
particles are shown as ‘lighter regions’ on the phase image as the stiffness of ZnO 
particles is significantly greater than that of the surrounding matrix polymer.   
 
   
   
Figure 4.2: The microstructure of SAN-24-0.10 A (S) ((a) and (c) height images; (b) 
and (d) phase images). Arrows point to some ZnO-A nano-particle agglomerates.  
(a) (b) 
(c) (d) 
2 μm 
 
2 μm 
 
500 nm 
 
500 nm 
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The AFM phase images shown in Figure 4.3 (a) and (b) depict the microstructure of 
SAN-24-1.04 A (S). On close examination, it can be seen that some of the nano-
particles agglomerated in clusters of two to four particles, as indicated by blue circles. 
However, the small agglomerates were themselves well dispersed in the VLN matrix. 
Figure 4.3 (c) and (d) show the AFM phase images of SAN-24-2.00 A (S). Nano-
particle agglomerates as large as 300 nm were observed in the composite. 
 
   
   
Figure 4.3: AFM images showing the microstructures of SAN-24-1.04 A (S) ((a) 
and (b)) and SAN-24-2.00 A (S) ((c) and (d)). Circles indicate some selected nano-
particle agglomerates. 
 
(a) (b) 
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2 μm 
 
2 μm 
 
500 nm 
 
500 nm 
 
CHAPTER 4   ZNO-A AND ZNO-B NANO-MODIFIED SAN (VLN) SYSTEM 
88 
4.2.3  ZnO-B Nano-modifed VLN  
 
The AFM images shown in Figures 4.4 and 4.5 depict the microstructures of ZnO-B 
nano-modified VLN composites. Figure 4.4 shows the microstructure of SAN-24-0.10 
B (T) (SAN containing 24 wt.% acrylonitrile and 0.10 vol.% ZnO-B nano-particles 
which were surface modified with trioxadecanoic acid). The dispersion of ZnO-B nano-
particles in the VLN was better than that of ZnO-A nano-particles (Figure 4.2). The 
ZnO-B particles were well distributed throughout the VLN matrix and were difficult to 
detect because of the low volume content. 
 
   
   
Figure 4.4: The microstructure of SAN-24-0.10 B (T) ((a) and (c) height images 
and (b) and (d) phase images). Arrows point to some ZnO-B nano-particles.  
 
(a) (b) 
(c) (d) 
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Figure 4.5: AFM images showing the microstructures of SAN-24-0.30 B (T) ((a) 
and (b)) and SAN-24-0.50 B (T) ((c) and (d)). Arrows point to some ZnO-B nano-
particles, while the circles indicate some nano-particle agglomerates. 
 
Figure 4.5 (a) and (b) show the AFM phase images of SAN-24-0.30 B (T). The nano-
particles were well dispersed in the matrix. When the volume content of nano-particles 
increased to 0.50 vol.%, the dispersion was still relatively good. However, some 
agglomerates of ZnO-B nano-particles as large as 100 nm were observed in SAN-24-
0.50 B (T), as circled in Figure 4.5 (c) and (d). 
 
The AFM studies revealed that the microstructure of the unmodified VLN possessed no 
features. The ZnO-A particles were difficult to be dispersed in the matrix, while the 
ZnO-B particles could be well dispersed up to 0.30 vol.%. 
(a) (b) 
(c) (d) 
1 μm 
 
1 μm 
 
500 nm 
 
500 nm 
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4.3  Thermal Analysis 
 
In order to determine whether the ZnO nano-particles will alter the matrix and hence 
affect gT  of the composites, DMTA and DSC were carried out to study the thermal 
behaviours of neat VLN and its ZnO-A and ZnO-B nano-modified composites. 
 
4.3.1  Dynamic Mechanical Thermal Analysis (DMTA)  
 
The storage modulus, 'E , the loss factor, tanδ , and the glass transition temperature, 
gT , of the unmodified and ZnO modified VLN composites were determined via DMTA. 
Dual cantilever geometry was employed, at frequencies of 1 Hz and 10 Hz over a 
temperature range from 20 °C to 140 °C. At least two specimens were tested for each 
formulation, and the gT  was determined to be the temperature at which the peak value 
of tanδ  occurred.  
 
Figure 4.6 shows the DMTA traces of SAN-24-0.50 B (T). The 'E decreased with 
increasing temperature as expected, since the material was becoming softer at high 
temperatures. As can be seen from Figure 4.6, the value of gT  measured via DMTA was 
frequency dependent, which was also observed by Johnsen et al. [5] and Brooker [134]. 
The gT  obtained at 10 Hz was about 6 °C higher than that obtained at 1 Hz.   
 
Table 4.1: The Tg of unmodified and ZnO nano-modified VLN results from DMTA 
testing at 1 Hz and 10 Hz. 
Formulation 
Nano-particle 
content 
(wt.%) 
Nano-particle 
content 
(vol.%) 
gT  at 1 Hz  
(°C) 
gT  at 10 Hz  
(°C) 
SAN-24-0 0.00 0.00 116 ± 2 122 ± 2 
SAN-24-0.10 A (S) 0.56 0.10 117 ± 2 120 ± 2 
SAN-24-1.04 A (S) 5.80 1.04 116 ± 0 121 ± 2 
SAN-24-2.00 A (S) 11.20 2.00 115 ± 2 122 ± 2 
SAN-24-0.05 B (T) 0.28 0.05 117 ± 0 123 ± 1 
SAN-24-0.10 B (T) 0.56 0.10 115 ± 0 121 ± 0 
SAN-24-0.30 B (T) 1.68 0.30 116 ± 2 122 ± 2 
SAN-24-0.50 B (T) 2.80 0.50 116 ± 0 123 ± 0 
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Figure 4.6: DMTA traces of SAN-24-0.50 B (T) tested at 1 Hz and 10 Hz. 
 
Table 4.1 summarises the gT  values of unmodified and ZnO nano-modified VLN 
composites obtained via DMTA. The gT  of neat VLN was measured to be 116 ± 2 °C at 
1 Hz, and 122 ± 2 °C at 10 Hz. The addition of nano-particles did not significantly 
affect the glass transition temperatures, and all values lay within the range of 116 ± 2 °C 
at 1 Hz, and 122 ± 2 °C at 10 Hz.  
 
4.3.2  Differential Scanning Calorimetry (DSC)  
 
DMTA gives somewhat different gT  values from those obtained using DSC, as has been 
observed by Johnsen et al. [5] when comparing these techniques. Thus, DSC tests were 
also performed to measure the gT  of the unmodified and ZnO nano-modified VLN 
composites. All tests were performed in a nitrogen atmosphere at a scanning rate of 10 
°C/min. A typical DSC trace of SAN-24-0.50 B (T) is shown in Figure 4.7, and the gT  
was measured from the second heating scan. 
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Table 4.2 summarises the results obtained via DSC. The gT  of unmodified VLN was 
measured to be 105 °C, which was about 10 °C smaller than that measured via DMTA. 
In measuring the gT  of epoxy, Johnsen et al. [5] also found DMTA gave approximately 
13 °C higher values than DSC. This will be discussed in Chapter 9. Similarly, the 
addition of ZnO particles did not have any effect on the glass transition temperatures of 
VLN composites measured by using DSC, and all values lay within the range of 105 ± 1 
°C.  
 
 
Figure 4.7: The heat flow versus temperature of SAN-24-0.50 B (T) in a DSC test. 
 
Table 4.2: The Tg of unmodified and ZnO modified VLN composites measured 
using DSC. 
Formulation Nano-particle content (wt.%) 
Nano-particle 
content (vol.%) g
T   (°C) 
SAN-24-0 0.00 0.00 105 
SAN-24-0.10 A (S) 0.56 0.10 104 
SAN-24-1.04 A (S) 5.80 1.04 106 
SAN-24-2.00 A (S) 11.20 2.00 105 
SAN-24-0.05 B (T) 0.28 0.05 104 
SAN-24-0.10 B (T) 0.56 0.10 104 
SAN-24-0.30 B (T) 1.68 0.30 105 
SAN-24-0.50 B (T) 2.80 0.50 104 
1st heating cycle 
Cooling cycle 
2nd heating cycle 
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4.4  Mechanical Behaviour at 23 °C 
 
This section describes the results of an investigation into the mechanical behaviour of 
neat VLN and its ZnO-A and ZnO-B modified composites at 23 °C. Tensile, 
compressive, quasi-static fracture and fatigue tests were carried out in order to 
determine the mechanical properties of VLN composites with increasing nano-content. 
Young’s modulus, compressive yield stress, fracture toughness, fracture energy and 
fatigue threshold values were obtained. 
 
4.4.1  Results of the Tensile Testing of VLN 
 
Tensile tests were performed on dumbbell specimens approximately 4 mm in thickness 
and 4 mm in width which were cut from the compression moulded plates. Figure 4.8 
shows typical tensile stress-strain curves for the unmodified and ZnO-B nano-modified 
VLN composites tested at 23 °C. The curves demonstrate that no obvious plastic 
deformation was observed, and all materials fractured in the elastic region. This 
indicates that the composites were relatively brittle, and tensile testing resulted in brittle 
failure prior to the yield point. The yield properties could not be obtained from tensile 
tests. Thus compressive tests were carried out to determine the yield stress, which will 
be discussed in section 4.4.2. 
 
Young’s modulus, E ,  was calculated from the gradient of the stress versus strain curve 
(Engineering stress and engineering strain were used here). Initially two methods, 
namely, secant modulus method and tangent modulus method were employed to 
calculate E , as is shown in Figure 4.9. The secant modulus, sE , is defined on the basis 
of two specified strain values, i.e. 0.25% and 0.05%, and 
0.25% 0.05% 0.25% 0.05%( ) / ( )sE σ σ ε ε= − − . The tangent modulus, tE ,  is the slope of the best 
fit line of the stress versus strain curve between two specified strain values, 0.25% and 
0.05%. For both methods, the lower strain value was not set to zero in order to avoid 
errors in the calculated modulus caused by possible onset effects in the stress/strain 
curve.  
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Figure 4.8: Typical stress-strain curves for the unmodified and ZnO-B nano-
modified VLN composites tested at 23 °C. 
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Figure 4.9: Example calculation of the secant modulus and tangent modulus. 
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Figure 4.10: Young’s modulus of VLN composites with increasing surface modifier 
content. 
 
Figure 4.9 is an example showing the calculation of secant modulus and tangent 
modulus of the unmodified VLN. The secant modulus was calculated to be 3.89 GPa, 
and the tangent modulus was calculated to be 3.90 GPa, which indicates there was little 
difference by using the two methods. For simplicity, the secant modulus will be quoted 
as the value of E .  
 
Surface modifier was added in order to improve dispersion of the nano-particles in the 
VLN matrix. The content of surface modifier varied according to the content of nano-
particles included. Figure 4.10 shows the values of E  of VLN composites with 
increasing surface modifier contents up to 1.81 wt.% (the maximum added). The E  of 
unmodified VLN was determined in the range of 3.87 ± 0.05 GPa. The surface modifier 
had no effect on the E  of the composites, and it remained almost constant at 3.85 ± 
0.02 GPa regardless of the additive content.  
 
The tensile properties of unmodified and ZnO nano-modified VLN composites are 
summarised in Tables 4.3 and 4.4. The E  was found to increase with the increasing 
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nano-particle content, as observed by many researchers [25, 100]. With the 
incorporation of 1.04 vol.% ZnO-A nano-particles, the E  was measured to be 4.06 ± 
0.10 GPa. It further increased to 4.28 ± 0.14 GPa, 11% higher than that of the 
unmodified VLN matrix, when the ZnO-A nano-content reached 2.00 vol.%. 
 
A similar observation was obtained for the ZnO-B nano-modified VLN composites. The 
E  was measured to be 3.98 ± 0.03 GPa with the addition of 0.10 vol.% ZnO-B nano-
particles, and it further increased to 4.06 ± 0.05 GPa, 5% higher than that of the 
unmodified matrix, when the ZnO-B nano-content reached 0.50 vol.%. 
 
The predictions of E  of the VLN composites are shown with the experimental data in 
Figures 4.11 and 4.12. The predictions were calculated using the Kerner, the Halpin-
Tsai, the Nielsen, the Van Es, the series, and the parallel models (as detailed in Chapter 
2). The precise elastic properties of ZnO-A and ZnO-B nano-particles are unknown, 
because it is very difficult to measure the mechanical properties of nano-particles. 
Inconsistent values have been reported in the literature [135-138]. An elastic modulus of 
140 GPa for bulk ZnO has been used here, as recommended by Chen et al. [136] and 
Hoffmann et al. [137]. 
 
As can be been in Figures 4.11 and 4.12, the parallel model gave the lower bound of the 
predicted values, the series model gave the upper bound of the predicted values, and all 
experimental data were within the two boundaries. Figure 4.11 shows the predictions of 
the Kerner and the Nielsen models gave very similar results, especially at low volume 
fractions. The Halpin-Tsai model gave a higher prediction than the Van Es, the Kerner 
and the Nielsen models. The predictions given by the Van Es model were very accurate, 
as the predicted line passes through the error bars of all experimental data. However, for 
the ZnO-B nano-modified VLN composites, the Kerner, the Halpin-Tsai, the Nielsen 
and the Van Es models under-predicted the moduli somewhat (Figure 4.12). This 
suggests the stiffening efficiency of the smaller nano-particles ( 12φ =  nm) may be 
greater than that of micron-sized particles and the larger nano-particles ( 40φ =  nm), 
because uniform dispersed small nano-sized fillers can produce a large particle to matrix 
interfacial area. More detailed discussion will be presented in Chapter 9.  
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Table 4.3: Summary of the Young’s modulus, failure stress and strain of 
unmodified and ZnO-A modified VLN composites tested at 23 °C. 
Formulation 
Nano-particle 
content 
(vol.%) 
Young's 
modulus, E  
(GPa) 
Failure stress, 
fσ  (MPa) 
Failure strain, 
fε  (%) 
SAN-24-0 0.00 3.87 ± 0.05 53 ± 1 1.51 ± 0.02 
SAN-24-0.10 A (S) 0.10 3.89 ± 0.04 41 ± 2 1.19 ± 0.09 
SAN-24-1.04 A (S) 1.04 4.06 ± 0.10 35 ± 7 0.98 ± 0.19 
SAN-24-2.00 A (S) 2.00 4.28 ± 0.14 34 ± 4 0.89 ± 0.11 
 
Table 4.4: Summary of the Young’s modulus, failure stress and strain of 
unmodified and ZnO-B nano-modified VLN composites tested at 23 °C. 
Formulation 
Nano-particle 
content 
(vol.%) 
Young's 
modulus, E  
(GPa) 
Failure stress, 
fσ  (MPa) 
Failure strain, 
fε  (%) 
SAN-24-0 0.00 3.87 ± 0.05 53 ± 1 1.51 ± 0.02 
SAN-24-0.05 B (T) 0.05 3.95 ± 0.06 52 ± 5 1.42 ± 0.14 
SAN-24-0.10 B (T) 0.10 3.98 ± 0.03 53 ± 2 1.47 ± 0.06 
SAN-24-0.30 B (T) 0.30 4.03 ± 0.04 53 ± 5 1.44 ± 0.17 
SAN-24-0.50 B (T) 0.50 4.06 ± 0.05 50 ± 4 1.35 ± 0.13 
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Figure 4.11:  Young’s modulus versus volume fraction of ZnO-A nano-particles 
tested at 23 °C. Points are experimental data and lines are theoretical predictions. 
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Figure 4.12:  Young’s modulus versus volume fraction of ZnO-B nano-particles 
tested at 23 °C. Points are experimental data and lines are theoretical predictions. 
 
The failure stress, fσ , and failure strain, fε , measured in tensile tests of brittle 
materials depends strongly on the surface condition of the specimens. Specimens with 
well polished surfaces have higher failure stress and strain values, while specimens 
having surface marks, scratches, or air bubbles tend to fail prematurely. Thus dumbbell 
specimens in this project were all polished with fine silicon papers prior to testing. The 
fσ  and fε  of neat VLN were measured to be 53 ± 1 MPa and 1.51 ± 0.02 % at 23 °C. 
The inclusion of ZnO-A particles had a detrimental effect on both values. The fσ  
decreased to 34 ± 4 MPa and the fε  decreased to 0.89 ± 0.11 % with the addition of 
2.00 vol.% ZnO-A nano-particles, i.e. decreases of 35% and 41%, respectively. 
 
However, the inclusion of ZnO-B nano-particles had only a marginal effect on the fσ  
and fε of the VLN composites especially at low volume contents. They were 
determined to be in the range of 53 ± 2 MPa and 1.47 ± 0.06 % with the addition of 0.10 
vol.% ZnO-B particles, and they decreased somewhat to 50 ± 4 MPa and 1.35 ± 0.13 % 
with 0.50 vol.% ZnO-B particles. 
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4.4.2  Results of the Compressive Testing of VLN 
 
To overcome the problem posed by surface condition, compressive tests were also 
performed on the VLN materials to determine the yielding properties. A series of 
uniaxial compressive tests were performed on an Instron testing machine (model 5584) 
according to relevant standard [123]. Cylindrical specimens with a constant height of 6 
mm (parallel to the axis of compressive force) were compressed between two well 
polished stainless steel plates, as is shown in Figure 3.9. A practical problem with the 
compressive test is that if the radius-to-height ratio is too small buckling may occur, 
whereas if this ratio is too large friction between the sample and the plates will 
introduce a constraint. Initially, three different diameters, namely 10 mm, 20 mm and 30 
mm were employed in order to investigate the effects of aspect ratio (radius over height) 
on the measured compressive modulus and compressive yield stress. A synthetic grease 
(Super Lube, USA) was used as lubricant between the surfaces of the specimen and the 
steel plates during the test. 
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Figure 4.13: Typical compressive load versus crosshead displacement and 
unmodified VLN specimens tested at 1 mm/min. (a) for machine without a 
specimen and (b) for specimens 1 - 4 and the machine. 
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From the plots of compressive load versus displacement, as is shown in Figure 4.13, it 
may be found that during compression the displacement of the machine was significant. 
Hence, it is necessary to account for the compliance of the system when measuring the 
compressive properties of the materials. The blue line in Figure 4.13, showing the 
displacement of Instron machine under compression, was used to calibrate the system 
compliance. Firstly, a curve of the displacement of the machine versus compressive load 
was plotted, and a sixth order polynomial trendline was obtained. Then a corrected 
displacement of the specimen was calculated by deducting the displacement of the 
machine from the total displacement at corresponding load. Figure 4.14 depicts the 
compressive true stress versus true strain curves after correcting for the effects of 
system compliance. 
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Figure 4.14: Compressive true stress versus true strain curves of neat VLN after 
correcting for the effects of machine displacement. 
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Figure 4.15: Compressive modulus and yield stress versus diameters of neat VLN 
tested without lubricant. 
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Figure 4.16 Compressive modulus and yield stress versus diameters of neat VLN 
tested with lubricant. 
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Figures 4.15 and 4.16 show the compressive modulus, cE , and compressive yield stress, 
cyσ , versus sample diameter for neat VLN tested with and without lubricant. Without 
lubricant, a compressive modulus of 3.97 ± 0.06 GPa was obtained for 10 mm cylinders. 
It increased slightly to 4.13 ± 0.05 GPa for 20 mm cylinders and to 4.14 ± 0.07 GPa for 
30 mm cylinders. The cyσ  was also found to increase with increasing diameters, which 
indicates that without lubricant there was friction on the surfaces of the tested 
specimens. However, with lubricant, an almost constant measured cE  of 3.85 ± 0.09 
GPa was obtained regardless of the aspect ratio employed. A tensile modulus of 3.87 ± 
0.05 GPa was obtained for the unmodified VLN in section 4.4.1, which was in good 
agreement with the modulus obtained in compression with lubricant. Cylinders with the 
diameter of 10 mm are difficult to manufacture, and 30 mm may increase the friction 
and will use more material. Thus cylinders with a diameter of 20 mm were tested with 
lubricant to obtain the compressive properties.    
 
Tables 4.5 and 4.6 summarise the results obtained from the compressive tests. With the 
inclusion of only the surface modifier to the VLN matrix, the cE , cyσ  and compressive 
yield strain, cyε , remained almost constant with increasing additive content, as shown in 
Table 4.5. This confirms that the different levels of surface modifier used had no effect 
on the yield stress of the polymer. The effect of adding ZnO-A and ZnO-B nano-
particles (in addition to the surface modifier) is shown in Table 4.6. With the addition of 
ZnO-A nano-particles up to 2.00% by volume, and ZnO-B nano-particles up to 0.50% 
by volume, there was a marginal effect on cE , cyσ  and cyε . The average cyσ  was 
measured in the range of 125 ± 2 MPa for the unmodified and ZnO-A and ZnO-B nano-
modified VLN composites tested at 23 °C. 
 
Under the application of an external tensile load the material in the vicinity of a filler 
particle is under a triaxial stress state. During the earlier stages of deformation, the 
hydrostatic component of the stress in the material starts to develop. When the stored 
volumetric strain within the particles reaches a critical limit, the filler in the matrix will 
start to debond at phase boundaries or cavitate, as a response to the applied stress field. 
The voids develop in a plane perpendicular to the applied stress and their presence 
significantly affects the yielding and fracture behaviour of the polymer.  
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Table 4.5: Summary of the compressive properties of VLN composites with only 
the surface modifier tested at 23 °C. 
Formulation 
Surface 
modifier 
content 
(wt.%) 
Compressive 
modulus, cE  
 (GPa) 
Compressive 
yield stress , 
cyσ  (MPa) 
Compressive 
yield strain, 
cyε  (%) 
SAN-24-0 0.00 3.85 ± 0.09 125 ± 1 5.69 ± 0.25 
SAN-24-0  (T) 0.09 3.89 ± 0.09 125 ± 1 5.90 ± 0.13 
SAN-24-0  (T) 0.18 4.02 ± 0.08 126 ± 1 5.77 ± 0.10 
SAN-24-0  (T) 0.54 3.96 ± 0.11 126 ± 1 5.77 ± 0.10 
SAN-24-0  (T) 0.90 3.89 ± 0.08 125 ± 1 5.81 ± 0.07 
SAN-24-0  (T) 1.81 3.90 ± 0.06 126 ± 1 5.85 ± 0.03 
 
Table 4.6: Summary of the compressive properties of VLN composites with surface 
modified ZnO-A and ZnO-B nano-particles tested at 23 °C. 
Formulation 
Nano-
particle 
content 
(vol.%) 
Compressive 
modulus, cE  
 (GPa) 
Compressive 
yield stress , 
cyσ  (MPa) 
Compressive 
yield strain, 
cyε  (%) 
SAN-24-0 0.00 3.85 ± 0.09 125 ± 1 5.69 ± 0.25 
SAN-24-0.10 A (S) 0.10 3.90 ± 0.05 126 ± 2 5.66 ± 0.21 
SAN-24-1.04 A (S) 1.04 4.04 ± 0.06 124 ± 2 5.71 ± 0.15 
SAN-24-2.00 A (S) 2.00 4.19 ± 0.12 125 ± 2 5.65 ± 0.22 
SAN-24-0.05 B (T) 0.05 4.06 ± 0.13 124 ± 1 5.61 ± 0.06 
SAN-24-0.10 B (T) 0.10 4.06 ± 0.07 124 ± 1 5.58 ± 0.16 
SAN-24-0.30 B (T) 0.30 3.95 ± 0.08 124 ± 1 5.72 ± 0.07 
SAN-24-0.50 B (T) 0.50 3.99 ± 0.07 123 ± 1 5.64 ± 0.10 
 
The yield behaviour of glassy polymers is typically dependent on the hydrostatic stress 
component. The dependence of the yield process on hydrostatic stress leads to the yield 
stress being different in tension and compression. According to ISO 13586 [124], the 
tensile yield stress, yσ , is approximately 0.7 times of the cyσ . Hence, the yσ  of the 
unmodified and ZnO-A and ZnO-B nano-modified VLN composites tested at 23 °C was 
deduced to be approximately 88 MPa.  
 
4.4.3  Results of the Fracture Testing of VLN 
 
Fracture tests were carried out on single edge notch bending (SENB) specimens, 
approximately 6 mm in thickness and 12 mm in width, according to relevant standards 
ISO 13586 [124] and ASTM D5045-99(2007)e1 [125]. An example of flexural load 
CHAPTER 4   ZNO-A AND ZNO-B NANO-MODIFIED SAN (VLN) SYSTEM 
104 
versus displacement of neat VLN and its ZnO-B nano-modified composites is shown in 
Figure 4.17, from which it was found that most samples fractured in a brittle manner, 
i.e. fracture occurred suddenly. The mode Ι  fracture toughness, IcK , and the fracture 
energy, IcG , were calculated at fracture initiation. There was no difficulty in passing the 
size and linearity criteria for the nano-modified VLN composites in these LEFM tests.  
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Figure 4.17: Typical flexural load versus displacement curves for the unmodified 
and ZnO-B nano-modified VLN composites tested at 23 °C. 
 
Tables 4.7 and 4.8 summarise the fracture results obtained at 23 °C. The IcK  and IcG  
are also plotted with increasing nano-content in Figures 4.18 and 4.19. An average IcK  
of 1.12 ± 0.08 MPa·m1/2 and IcG  of 316 ± 12 J/m
2 were determined for the unmodified 
VLN at 23 °C. With the initial addition of 0.10 vol.% ZnO-A nano-particles, the IcK  
and IcG  increased moderately, and they were measured to be 1.28 ± 0.10 MPa·m
1/2 and 
375 ± 25 J/m2. However, they decreased significantly at 1.04 vol.% and 2.00 vol.% of 
nano-particles. With the addition of 2.00 vol.% ZnO-A nano-particles, the IcK  and IcG  
declined to 0.98 ± 0.04 MPa·m1/2 and 202 ± 17 J/m2, respectively. 
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Table 4.7: Summary of fracture properties of unmodified and ZnO-A nano-
modified VLN composites at 23 °C. 
Formulation 
Nano-particle 
content  
(vol.%) 
Fracture 
toughness , 
 IcK  (MPa·m
1/2) 
Fracture energy, 
IcG  (J/m
2) 
SAN-24-0 0.00 1.12 ± 0.08 316 ± 12 
SAN-24-0.10 A (S) 0.10 1.28 ± 0.10 375 ± 25 
SAN-24-1.04 A (S) 1.04 1.06 ± 0.03         257 ± 9 
SAN-24-2.00 A (S) 2.00 0.98 ± 0.04 202 ± 17 
 
Table 4.8: Summary of fracture properties of unmodified and ZnO-B nano-
modified VLN composites at 23 °C. 
Formulation 
Nano-particle 
content  
(vol.%) 
Fracture 
toughness , 
 IcK  (MPa·m
1/2) 
Fracture energy, 
IcG  (J/m
2) 
SAN-24-0 0.00 1.12 ± 0.08 316 ± 12 
SAN-24-0.05 B (T) 0.05 1.41 ± 0.02 441 ± 12 
SAN-24-0.10 B (T) 0.10 1.40 ± 0.03 445 ± 27 
SAN-24-0.30 B (T) 0.30 1.34 ± 0.02 402 ± 14 
SAN-24-0.50 B (T) 0.50 1.26 ± 0.05          372 ± 9 
 
With the initial addition of ZnO-B nano-particles, both IcK  and IcG  had a remarkable 
increase (Figure 4.19). With the inclusion of ZnO-B nano-particles up to 0.10% by 
volume, the IcK  and IcG  were determined in the range of 1.40 ± 0.03 MPa·m
1/2 and 445 
± 27 J/m2, which were 25% and 41% higher than those of the unmodified VLN matrix. 
The IcK  and IcG  of SAN-24-0.10 B (T) are also 9% and 19% higher than those of 
SAN-24-0.10 A (S). This suggests the toughening efficiency of the smaller nano-
particles ( 12φ =  nm) is greater than that of the larger nano-particles ( 40φ =  nm). 
However, further increases to the nano-content of ZnO-B caused the IcK  and IcG  to 
exhibit a slight decline. They fell to 1.26 ± 0.05 MPa·m1/2 and 372 ± 9 J/m2 with the 
inclusion of 0.50 vol.% ZnO-B particles. Therefore, there appears to be an optimum 
volume fraction of the nano-particles to achieve the maximum toughening effect, which 
lies in the range of 0.10 vol.% to 1.04 vol.% for ZnO-A nano-particles and 0.05 vol.% 
to 0.30 vol.% for ZnO-B nano-particles. More detailed discussion will be presented in 
Chapter 9. 
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Figure 4.18: Fracture toughness and fracture energy of VLN composites versus 
ZnO-A volume content tested at 23 °C. 
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Figure 4.19: Fracture toughness and fracture energy of VLN composites versus 
ZnO-B volume content tested at 23 °C. 
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4.4.4  Microscopy of the Fracture Surfaces  
 
Scanning electron microscopy (SEM) was performed on some of the fracture surfaces of 
the SENB specimens tested at 23 °C to investigate the fracture mechanisms operating. It 
should be noted that the pre-crack was formed by tapping a new razor blade through the 
notch tip, and this pre-crack is visible in the low magnification images as a vertical line 
to the far left of the micrograph. The SEM images not only show the morphology of the 
specimens, but also show the roughness of the fracture surface and the path of fracture. 
The direction of crack propagation was from left to right in all images. 
 
Figure 4.20 shows the fracture surface of the unmodified VLN tested at 23 °C. A 
relatively rough fracture surface with obvious crack forking was found for the 
unmodified VLN, which is typical for brittle thermoplastic polymers. The SEM images 
also indicated that for unmodified VLN the fracture occurred very fast without stable 
propagation, and no large-scale plastic deformation had occurred during fracture. These 
observations agree well with the comparatively low measured toughness values of the 
material, where the IcK  and IcG  were measured to be 1.12 ± 0.08 MPa·m
1/2 and 316 ± 
12 J/m2. In addition, there were apparent steps and changes in the level of the crack 
which can be observed in Figure 4.20 (b) and (c). These features are feather markings, 
which are caused by the crack forking due to the excess of energy associated with the 
relatively fast crack growth. This repeated forking and the multi-planar nature of the 
surface are ways of absorbing this excess energy in a very brittle material [140].  
 
However, with the inclusion of the smaller ZnO-B nano-particles, dramatic changes had 
occurred during the fracture, and the appearance of the fracture surfaces also changed 
significantly. Figures 4.21 and 4.22 depict the fracture surfaces of SAN-24-0.05 B (S) 
and SAN-24-0.50 B (S) at 23 °C. As may be seen, with the addition of ZnO-B nano-
particles, numerous dimples with irregular shapes and cavitation of the materials were 
observed in the process regions. When Zhang et al. [141] investigated the fracture 
properties of nano-silica modified epoxies, they found a large amount of dimples in the 
fracture surfaces. They believed that these dimples were multiple crazing caused by the 
added nano-particles and considered it as an important energy dissipation mechanism. 
Kausch and Michler [75] also found that the rigid alumina nano-particles initiated 
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multiple crazing of the polystyrene matrix, which increased the toughness significantly. 
A craze is initiated when an applied tensile stress causes micro-voids to nucleate at 
points of high stress concentrations in the polymer [33]. The micro-voids develop in a 
plane perpendicular to the maximum principle stress and become stabilized by fibrils of 
plastically deformed material spanning the craze. The craze is capable of transmitting 
loads. 
 
The voids in Figure 4.21 (e) were measured to be around 100 nm, which was larger than 
the size of ZnO-B nano-particles. ZnO-B particles are nano-cylinders, with an average 
diameter of 12 nm and a length of 36 nm. Therefore these voids resulted from the 
debonding of the ZnO-B nano-particles and subsequent plastic void growth of the 
matrix materials. The debonding of nano-particles and plastic void growth were also 
observed by several researchers [5, 100], and were considered to be the major 
toughening mechanism of rigid nano-particle modified polymer composites. The 
detailed mechanism was discussed in Chapter 2. With the addition of 0.05 vol.% ZnO-B 
nano-particles, the process zone in the fracture surface became rougher with large scale 
plastic deformation and voids (Figure 4.21), which was in line with the increase in 
fracture toughness. It was shown in section 4.4.3 that the IcK  and IcG  increased by 26% 
and 40% with 0.05 vol.% inclusions, from 1.12 ± 0.08 MPa·m1/2 and 316 ± 12 J/m2 to 
1.41 ± 0.02 MPa·m1/2 and 441 ± 12 J/m2, respectively.   
 
The fracture surface of the SAN-24-0.10 B (T) was very similar to that of SAN-24-0.05 
B (T). However, by increasing the nano-content up to 0.50 vol.%, the density of dimples 
decreased somewhat, which was in accordance with the decrease in toughness. The IcK  
and IcG  fell to 1.26 ± 0.05 MPa·m
1/2 and 372 ± 9 J/m2 with the addition of 0.50 vol.% 
ZnO-B particles. The decrease was caused by the agglomeration of ZnO-B nano-
particles, as was shown in Figure 4.5.   
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Figure 4.20: SEM images of SAN-24-0 tested at 23 °C, showing (a) the pre-crack 
and the fast fracture regions and (b)-(e) higher magnification of the fast fracture 
region (Crack propagation was from left to right). 
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(e) 
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Figure 4.21: SEM images of SAN-24-0.05 B (T) tested at 23 °C, showing (a) the 
pre-crack and the process zones and (b)-(e) higher magnification of the process 
zone (Some voids are indicated with red circles). 
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Figure 4.22: SEM images of SAN-24-0.50 B (T) tested at 23 °C, showing (a) the 
pre-crack and the process zones and (b)-(e) higher magnification of the process 
zone (Some voids are indicated with red circles). 
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4.4.5  Results of the Fatigue Testing of VLN 
 
Blackman et al. [100] and Lee [128] have found that the addition of nano-silica particles 
into epoxy can improve the fatigue performance of the matrix significantly. Fatigue 
tests were also carried out to determine the fatigue threshold of the unmodified and ZnO 
nano-modified VLN composites. Compact tension (CT) specimens with a thickness of 6 
mm and a width of 45 mm were tested according to relevant standards, ASTM E647-00 
and ISO 15850 [127, 142]. Displacement-control at a fixed displacement ratio of 0.5 
and a test frequency of 5 Hz were employed during the tests. The fatigue crack length 
was monitored using a ‘Krak-gauge’, and the number of cycles was recorded by ‘Chart 
4’ software. The detailed method was described in Chapter 3.  
 
Figure 4.23 shows an example of the fatigue crack length versus the number of cycles 
for the unmodified VLN at 23 °C. It can be seen that the fatigue crack grew very 
quickly at the beginning of fatigue test when the cyclic load range was large, whereas it 
became very slow near the fatigue threshold region when the load range was small.  
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Figure 4.23: Fatigue crack length versus number of cycles for unmodified VLN 
tested at 23 °C. 
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Figure 4.24: Double logarithmic plots of crack growth rates, da/dN, versus 
maximum fracture energies, Gmax, for ZnO-B modified VLN composites. 
 
The raw data were processed to yield fatigue graphs as shown in Figure 4.24. As was 
described in Chapter 3, the maximum fracture energy, maxG , was used as the primary 
parameter for illustrating the fatigue behaviour in this project. The crack growth rates, 
/da dN , against maxG  for the ZnO-B nano-modified VLN composites were plotted on a 
logarithmic scale. These graphs are characterised by a linear, Paris-law region, before 
reaching the maximum fracture energy threshold, max( )thG . According to Equation 3.26, 
the gradient of the linear part of the fatigue curves is the Paris-law parameter, m . The 
fatigue test results of the unmodified and ZnO-B nano-modified VLN composites tested 
at 23 °C are summarised in Table 4.9. The max( )thG  and m  values have been plotted 
against the ZnO-B nano-content in Figures 4.25 and 4.26. 
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Figure 4.25: The maximum fracture energy threshold, (Gmax)th, versus the nano-
content for the ZnO-B nano-modified VLN composites. 
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Figure 4.26: The Paris-law parameter, m, versus the nano-content for the ZnO-B 
nano-modified VLN composites. 
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Table 4.9: Summary of the fatigue properties of unmodified and ZnO-B nano-
modified VLN composites tested at 23 °C. 
Formulation Nano-particle content (vol.%) 
Maximum 
fracture energy 
threshold, 
max( )thG  (J/m
2) 
Paris-law 
parameter, m  
SAN-24-0 0.00 17 ± 1 2.37 ± 0.09 
SAN-24-0.05 B (T) 0.05 21 ± 1 2.57 ± 0.03 
SAN-24-0.10 B (T) 0.10 26 ± 2 2.59 ± 0.09 
SAN-24-0.30 B (T) 0.30 34 ± 2 2.38 ± 0.08 
SAN-24-0.50 B (T) 0.50 30 ± 1 2.09 ± 0.03 
 
The max( )thG  of unmodified VLN was determined to be in the range of 17 ± 1 J/m
2. 
From Figure 4.25 it is clear to see that the addition of ZnO-B to VLN increased the 
max( )thG  remarkably. However, the increase was not linear over the range of 0 - 0.50 
vol.%. With the addition of 0.30 vol.% ZnO-B nano-particles, the max( )thG  reached a 
peak at 34 ± 2 J/m2, which was twice as much as that of the unmodified matrix. 
 
The value of m  also reflects the fatigue behaviour of polymers, and it may be 
influenced by many variables such as the micro-structure of materials, testing 
environment, frequency, temperature, wave form and stress ratio. It may be seen from 
Figure 4.26 that m  varied around a mean value of 2.40 for the unmodified and ZnO-B 
nano-modified VLN composites at 23 °C. 
 
4.4.6  Microscopy of the Fatigue Fracture Surfaces 
 
Scanning electron microscopy (SEM) was carried out on the fracture surfaces of CT 
specimens after fatigue tests. The fracture surfaces can be broadly divided into five 
different zones: the machined notch, crack initiation, crack propagation, fatigue 
threshold, and unbroken material regions. Figure 4.27 shows a schematic plan view of 
the fracture surface after fatigue test. The characteristic regions and their locations along 
the specimen have been indicated.  
 
The SEM micrographs in Figure 4.28 show the fatigue fracture surface of the 
unmodified VLN. Three distinct regions: crack initiation (Figure 4.28 (a)), crack 
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propagation (Figure 4.28 (b) and (c)) and the fatigue threshold (Figure 4.28 (d) and (e)) 
are shown on the fracture surface. The crack propagation region was relatively smooth 
and glassy, and no large scale plastic deformation had occurred during the fracture, 
which is typical for a brittle thermoplastic polymer [5]. The high magnification image in 
Figure 4.28 (c) shows there were apparent changes of the level of the crack. These 
features are river markings, which are caused by crack forking due to the excess of 
energy associated with the relatively fast crack growth. The fatigue threshold region 
was very flat and devoid of any features, as is shown in Figure 4.28 (d) and (e). The 
hackle region observed in Figure 4.28 (d) was a result of the CT specimen being opened 
for inspection, after fatigue testing was completed.  
 
The SEM images shown in Figure 4.29 depict the fatigue fracture surface of SAN-24-
0.30 B (T) tested at 23 °C. The crack initiation region (Figure 4.29 (a)) and crack 
propagation region (Figure 4.29 (b) and (c)) of the nano-modified VLN composite 
showed very little difference to those of the unmodified matrix. The high resolution 
SEM image in Figure 4.29 (e) shows that numerous voids with the size of about 120 nm 
were observed in the fatigue threshold region. These voids were caused by the 
debonding of ZnO-B nano-particles and void growth of the materials around the nano-
particles, which contributed to the increase in fatigue resistance. This is in agreement 
with the fatigue results that the max( )thG  of 0.30 vol.% ZnO-B nano-modified VLN 
composite was increased by 100%, from 17 ± 1 J/m2 to 34 ± 2 J/m2. 
 
 
Figure 4.27: The Schematic plan view showing the fracture surface of a CT 
specimen after fatigue testing. 
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Figure 4.28: SEM images showing the fatigue fracture surface of SAN-24-0: (a) the 
crack initiation, (b) and (c) the crack propagation and (d) and (e) the threshold 
regions. 
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Figure 4.29: SEM images showing the fatigue fracture surface of SAN-24-0.30 B 
(T): (a) the crack initiation, (b) and (c) the crack propagation and (d) and (e) the 
threshold regions (Some voids are indicated with red circles). 
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4.4.7  Relationship between Static and Fatigue Results 
 
The static and fatigue properties of ZnO-B modified VLN composites have been 
compared in Figure 4.30. It is clear that with the addition of ZnO-B nano-particles, the 
max( )thG  and IcG  have increased remarkably. This is an important finding as the addition 
of micron-sized rubber particles to polymers will increase the toughness but they have 
been shown to have a marginal effect on the fatigue resistance [128]. The addition of 
micron-sized rigid particles may increase the static properties of the modified 
composites, but they usually have a detrimental effect on the fatigue threshold [117]. It 
seems the ZnO-B nano-particles can boost the static and fatigue properties of the VLN 
composites simultaneously. The maximum IcG  was achieved with the addition of 0.10 
vol.% ZnO-B particles, and the maximum max( )thG  was achieved with the addition of 
0.30 vol.% ZnO-B particles. Therefore, there appears to be an optimum volume fraction 
of ZnO-B nano-particles to achieve the best performance, which lies in the range of 0.10 
vol.% - 0.30 vol.%.   
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Figure 4.30: The relationship between the maximum fracture energy threshold, 
(Gmax)th, and fracture energy, GIc, for the ZnO-B modified VLN composites. 
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4.5  Mechanical Behaviour at 80 °C 
 
4.5.1  Introduction 
 
Gersappe [143] investigated the mechanical properties of rigid nano-particle modified 
polymer composites at different temperatures via molecular dynamics simulations. He 
found that the mobility of nano-particles and the polymer matrix, rather than the surface 
areas of nano-particles, was the key to the performance of polymer nano-composites. 
The mobility was found to be a complex function of the size of nano-particles, the 
attraction between nano-particles and the matrix, and the thermodynamic state of the 
matrix. He also demonstrated that the nano-particles could result in a large increase in 
the yield stress and toughness for polymer composites at temperatures above gT  and 
only very modest reinforcement could be observed below gT . Therefore, it is of great 
interest to investigate the mechanical behaviour of the modified polymer composites at 
80 °C, when the nano-particles and matrix have higher mobility than at 23 °C.   
 
This section describes the investigation into mechanical properties of neat VLN and its 
ZnO-B nano-modified composites at 80 °C. ZnO-A modified VLN composites were not 
studied due to the lack of materials. Tensile, compressive, and quasi-static fracture tests 
were carried out to study the mechanical behaviour of VLN composites with increasing 
nano-content. The Young’s modulus, yield stress, fracture toughness, and fracture 
energy were measured at 80 °C.  
 
4.5.2  Results of the Tensile Testing of VLN 
 
Tensile tests were performed in an environmental chamber on an Instron testing 
machine, as is shown in Figure 3.18. Figure 4.31 shows the typical tensile stress-strain 
curves for the unmodified VLN tested at 23 °C and 80 °C. It is clear to see that material 
has a lower modulus at 80 °C than at 23 °C. The VLN tested at 80 °C still fractured in a 
brittle manner. Therefore, compressive tests were also carried out at 80 °C, as will be 
discussed in section 4.5.3.  
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Table 4.10 summarises the tensile results obtained at 80 °C. An average E  of 3.19 ± 
0.03 GPa was measured for the unmodified VLN at 80 °C. The measured E  of ZnO-B 
modified VLN composites at 80 °C was also found to increase with increasing nano-
content, as observed at 23 °C. With the incorporation of 0.10 vol.% nano-particles, the 
E  was measured to be 3.29 ± 0.06 GPa. It then increased to 3.40 ± 0.05 GPa, 7% higher 
than that of the unmodified matrix, when the volume content of nano-particles reached 
0.50 vol.%. 
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Figure 4.31: Tensile stress-strain curves for SAN-24-0 tested at 23 °C and 80 °C. 
 
Table 4.10: Tensile properties of unmodified and ZnO-B nano-modified VLN 
composites at 80 °C. 
Formulation 
Nano-particle 
content 
(vol.%) 
Young's 
modulus, E  
(GPa) 
Failure stress, 
fσ  (MPa) 
Failure strain, 
fε  (%) 
SAN-24-0 0.00 3.19 ± 0.03 34 ± 2 1.30 ± 0.10 
SAN-24-0.05 B (T) 0.05 3.24 ± 0.07 35 ± 3 1.17 ± 0.14 
SAN-24-0.10 B (T) 0.10 3.29 ± 0.06 36 ± 2 1.25 ± 0.13 
SAN-24-0.30 B (T) 0.30 3.35 ± 0.07 33 ± 2 1.14 ± 0.13 
SAN-24-0.50 B (T) 0.50 3.40 ± 0.05 37 ± 1 1.27 ± 0.05 
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Figure 4.32: Young’s modulus versus volume fraction of ZnO-B nano-particles 
tested at 80 °C. Points are experimental data and lines are theoretical predictions. 
 
Figure 4.32 shows the theoretical predictions of E  of ZnO-B nano-modified VLN 
composites tested at 80 °C. The result is similar to that obtained at 23 °C. All 
experimental data were within the predicted lower and upper boundaries. The E  of the 
nano-modified VLN composites increased steadily with increasing volume content. The 
Halpin-Tsai model gave a higher prediction than the Van Es, the Kerner and the Nielsen 
models. However, all of the four models under-predicted the modulus of VLN 
composites. This was discussed in section 4.4.1 that the stiffening efficiency of small 
nano-particles may be greater than that of micron-sized particles and large nano-
particles.  
 
The fσ  and fε  were determined to be in the range of 34 ± 2 MPa and 1.30 ± 0.18 % 
for the unmodified VLN tested at 80 °C. With the inclusion of 0.50 vol.% nano-
particles, they were measured to be 37 ± 1 MPa and 1.27 ± 0.05 %. It seems the 
inclusion of ZnO-B nano-particles had only a marginal effect on the fσ  and fε  as 
measured in tension of VLN composites at low volume contents.  
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4.5.3  Results of the Compressive Testing of VLN 
 
Compressive tests were also carried out at 80 °C on the unmodified and ZnO-B nano-
modified VLN composites, since testing these materials in tension had led to fracture 
prior to yielding. Figure 4.33 shows typical compressive stress-strain curves for neat 
VLN tested at both 23 °C and 80 °C. The curves demonstrate that the material has a 
lower compressive modulus at 80 °C than at 23 °C. It was also shown that the material 
yields at lower compressive stress and strain at 80 °C than at 23 °C.   
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Figure 4.33: Compressive true stress versus strain curves for neat VLN tested at 23 
°C and 80 °C. 
 
Table 4.11: Summary of the compressive properties of unmodified and ZnO-B 
nano-modified VLN composites at 80 °C. 
Formulation 
Nano-
particle 
content 
(vol.%) 
Compressive 
modulus, cE  
 (GPa) 
Compressive 
yield stress , 
cyσ  (MPa) 
Compressive 
yield strain, 
cyε  (%) 
SAN-24-0 0.00 3.26 ± 0.02 83 ± 2 3.61 ± 0.18 
SAN-24-0.05 B (T) 0.05 3.31 ± 0.05 81 ± 1 3.55 ± 0.19 
SAN-24-0.10 B (T) 0.10 3.35 ± 0.04 82 ± 1 3.55 ± 0.10 
SAN-24-0.30 B (T) 0.30 3.36 ± 0.08 82 ± 1 3.58 ± 0.13 
SAN-24-0.50 B (T) 0.50 3.41 ± 0.05 82 ± 1 3.54 ± 0.09 
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The compressive results at 80 °C are summarised in Table 4.11. The cE  of unmodified 
VLN was measured to be 3.26 ± 0.02 GPa, which showed good consistency with that 
obtained from tensile test at 80 °C, 3.19 ± 0.03 GPa. With the inclusion of ZnO-B 
particles, the cE  was found to increase steadily, as ZnO-B particles have a much higher 
modulus than the VLN matrix. The values of cE  were measured to be 3.35 ± 0.04 GPa 
and 3.41 ± 0.05 GPa, respectively, with the addition of 0.10 vol.% and 0.50 vol.% ZnO-
B nano-particles.  
 
The cyσ  of unmodified VLN tested at 80 °C was determined to be in the range of 83 ± 2 
MPa. Similar as that observed at 23 °C, the included ZnO-B nano-particles had only a 
marginal effect on the cyσ  and cyε  at 80 °C. They were determined to be around 82 
MPa and 3.55% for the nano-modified VLN composites regardless of the ZnO-B 
content. According to ISO 13586 [124], the yσ  is approximately 0.7 times of the cyσ , 
therefore, the yσ  of the unmodified and ZnO-B nano-modified VLN composites at 80 
°C was deduced to be around 58 MPa.  
 
4.5.4  Results of the Fracture Testing of VLN 
 
Fracture tests were carried out on the unmodified and ZnO-B nano-modified VLN 
composites at 80 ºC. Figure 4.34 shows the flexural load versus displacement curves for 
neat VLN and its ZnO-B nano-modified composites tested at 80 ºC. As was observed at 
23 ºC, all materials also failed in a brittle manner at 80 ºC. The fracture loads were 
smaller at 80 ºC than those at 23 ºC, which indicates a decrease in fracture toughness.  
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Figure 4.34: Flexural load versus displacement curves for neat VLN and its ZnO-B 
nano-modified composites tested at 80 °C. 
 
Table 4.12: Summary of fracture properties of unmodified and ZnO-B nano-
modified VLN composites at 80 °C. 
Formulation 
Nano-particle 
content  
(vol.%) 
Fracture 
toughness , 
 IcK  (MPa·m
1/2) 
Fracture energy, 
IcG  (J/m
2) 
SAN-24-0 0.00 0.89 ± 0.06 217 ± 17 
SAN-24-0.05 B (T) 0.05 1.07 ± 0.05 307 ± 12 
SAN-24-0.10 B (T) 0.10 1.09 ± 0.03 315 ± 12 
SAN-24-0.30 B (T) 0.30 1.12 ± 0.07 345 ± 15 
SAN-24-0.50 B (T) 0.50 1.14 ± 0.01 346 ± 12 
 
Table 4.12 summarises the fracture results at 80 ºC. The IcK  and IcG  of ZnO-B nano-
modified VLN composites tested at 23 ºC and 80 ºC are compared in Figures 4.35 and 
4.36. An average IcK  of 0.89 ± 0.06 MPa·m
1/2 and IcG  of 217 ± 17 J/m
2 were 
determined for the unmodified VLN at 80 ºC. As may be seen in Figures 4.35 and 4.36, 
with the initial addition of ZnO-B nano-particles, the IcK  and IcG  of VLN composite 
increased notably at 23 ºC, and peaked at 1.40 ± 0.03 MPa·m1/2 and 445 ± 27 J/m2 with 
the addition of 0.10 vol.% nano-particles. However, at the highest volume content of 
nano-particles added (i.e. 0.50 vol.%), both IcK  and IcG  showed moderate decrease. At 
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80 ºC, the IcK  and IcG  of ZnO-B nano-modified VLN composites increased steadily 
with increasing nano-content. With the initial addition of 0.05 vol.% ZnO-B nano-
particles, both the IcK  and IcG  had a marked increase. They were measured to be 1.07 ± 
0.05 MPa·m1/2 and 307 ± 12 J/m2, which were 20% and 41% higher than those of the 
unmodified matrix. The maximum toughening was achieved with the inclusion of 0.50 
vol.% ZnO-B nano-particles, and the IcK  and IcG  were determined in the range of 1.14 
± 0.01 MPa·m1/2 and 346 ± 12 J/m2. 
 
The toughening effect of ZnO-B particles at higher volume content at 80 ºC is clearly 
superior to that at 23 ºC. The addition of 0.50 vol.% ZnO-B nano-particles increased the 
IcG  of VLN matrix by 59% at 80 ºC, while it only increased the matrix by 18% at 23 
ºC. This finding is in good agreement with Gersappe’s proposal [143] that at 
temperatures close the gT , the matrix and nano-particles would have more mobility, 
which may result in a large increase in toughness for the nano-modified polymer 
composites.  
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Figure 4.35: Fracture toughness of ZnO-B nano-modified VLN composites tested 
at 23 °C and 80 °C. 
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Figure 4.36: Fracture energy of ZnO-B nano-modified VLN composites tested at 
23 °C and 80 °C. 
 
4.5.5  Microscopy of the Fracture Surfaces 
 
Scanning electron microscopy (SEM) was also performed on the fracture surfaces of the 
SENB specimens tested at 80 ºC to identify the toughening mechanisms responsible for 
the increase in toughness. The direction of crack propagation was from left to right in all 
images. 
 
Figure 4.37 shows the fracture surface of the unmodified VLN tested at 80 ºC. As was 
observed at 23 ºC, a relatively rough fracture surface with crack forking was found in 
the fast fracture region. However, the crack forking density was lower and the fracture 
surface was much smoother than that tested at 23 ºC, which is consistent with the 
decrease in toughness from 23 ºC to 80 ºC (Figure 4.35).  Figure 4.37 (b) shows a high 
resolution SEM image of the process zone of unmodified VLN. The fracture surface 
was very flat and devoid of any features. This appearance is characteristic of a brittle 
thermoplastic polymer. 
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The addition of ZnO-B nano-particles changed the appearance of the fracture surfaces 
significantly, even at the very low nano-contents. Figures 4.38 and 4.39 show the 
fracture surfaces of SAN-24-0.10 B (T) and SAN-24-0.50 B (T) tested at 80 ºC. 
Numerous voids were observed in the process zones of the nano-modified VLN 
composites tested at 80 ºC. The high resolution SEM images in Figure 4.38 (e) and 
Figure 4.39 (e) show that the cavities were in the range of 100 nm to 1000 nm, much 
larger than the ZnO-B nano-particles. As mentioned in section 4.1, ZnO-B particles 
were cylindrical, with an average diameter of 12 nm and a length of 36 nm. This 
indicates a large degree of plastic void growth of the matrix, initiated by the debonding 
of the nano-particles, had occurred. The void growth dissipated significant amount of 
energy, and was responsible for the increase in toughness. 
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Figure 4.37: SEM images of SAN-24-0 tested at 80 °C, showing (a) the pre-crack, 
the process and the fast fracture regions and (b) a higher magnification of the 
process zone.  
Pre-crack 
(a) 
(b) 
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Figure 4.38: SEM images of SAN-24-0.10 B (T) tested at 80 °C, showing (a) the 
pre-crack, the process and the fast fracture regions and (b)-(e) higher 
magnification of the process zone (Arrows point to some selected cavities). 
(a) (b) 
(c) (d) 
(e) 
Pre-crack 
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Figure 4.39: SEM images of SAN-24-0.50 B (T) tested at 80 °C, showing (a) the 
pre-crack, the process and the fast fracture regions and (b)-(e) higher 
magnification of the process zone (Arrows point to some selected cavities). 
(a) (b) 
(c) (d) 
(e) 
Pre-crack 
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4.6  Chapter Summary 
 
This chapter has described the results of an investigation into the microstructure and the 
resulting thermal and mechanical behaviour of ZnO-A and ZnO-B nano-modified VLN 
composites. The ZnO-A and ZnO-B nano-particles are cylindrical. ZnO-A particle has 
an average diameter of 40 nm with an aspect ratio of 4, and ZnO-B particle has an 
average diameter of 12 nm with an aspect ratio of 3. AFM was carried out to assess the 
dispersion of nano-particles in the matrix. DMTA and DSC were carried out to 
determine the gT  of the VLN composites. Tensile, compressive, quasi-static fracture 
and fatigue tests were performed at 23 ºC and 80 ºC. Finally, SEM was employed to 
study the fracture surfaces of the specimens after fracture and fatigue testing.  
 
The AFM analysis showed that the ZnO-B nano-particles were relatively well dispersed 
in the matrix. However, agglomerates of ZnO-A nano-particles as large as 300 nm were 
observed in SAN-24-2.00 A (S). DMTA and DSC showed that the addition of ZnO 
nano-particles had only a marginal effect on the gT . The addition of 2.00 vol.% ZnO-A 
nano-particles increased the E  by 11% from 3.87 ± 0.05 GPa to 4.28 ± 0.14 GPa. Their 
addition, however, had a detrimental effect on the toughness, and the IcK  and IcG  
decreased by 13% and 36%, respectively.  
 
The addition of ZnO-B nano-particles increased the E , IcK  and IcG  both at 23 ºC and 
80 ºC. With the addition of 0.10 vol.% ZnO-B nano-particles, the IcK  at 23 ºC and 80 
ºC increased by 25% and 22%, respectively. The fatigue resistance of VLN composites 
was also increased by the inclusion of ZnO-B nano-particles. The max( )thG  of VLN 
composite containing 0.30 vol.% ZnO-B nano-particles were measured to be 34 ± 2 
J/m2, which was twice as much as that of the unmodified matrix. 
 
The SEM studies showed that the ZnO-B particles initiated multiple crazing and fibril 
deformation of the matrix at 23 °C. Debonding of nano-particles and void growth were 
observed at both 23 °C and 80 °C The void growth was also observed in the fatigue 
threshold region of the nano-modified composites. The fibril deformation and void 
growth of the matrix contributed to the increase in toughness and fatigue resistance.
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CHAPTER 5 
 
 
5 ZNO-B NANO-MODIFIED SAN 
(VLP) SYSTEM 
 
5.1  Introduction 
 
The present chapter discusses the results from testing the composites based on styrene 
acrylonitrile (SAN) co-polymer, which contains 34% acrylonitrile, with a trade name of 
Luran VLP. With higher acrylonitrile content than VLN, the VLP has a higher 
entanglement density and molecular weight which lead to higher modulus and 
toughness. The nano-particles used were again ZnO-B particles, with an average 
particle diameter of 12 nm and an aspect ratio (length/diameter) of 3. The stiffening and 
toughening effect of the same nano-particle on different matrix materials (VLN and 
VLP) was investigated and discussed.  
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Dynamic mechanical thermal analysis (DMTA) and differential scanning calorimetry 
(DSC) were carried out to study the thermal behaviour of unmodified VLP and its ZnO-
B nano-modified composites. Quasi-static and fatigue tests were carried out at 23 °C 
and 80 °C as previously described to characterise the tensile Young’s modulus, 
compressive Young’s modulus, compressive yield stress, fracture toughness, fracture 
energy, and fracture energy threshold. The microstructures have been investigated using 
atomic force microscopy (AFM) and scanning electron microscopy (SEM).  
 
5.2  Microstructure 
  
5.2.1  VLP  
 
Figure 5.1 shows an AFM phase image of the unmodified VLP matrix, termed here 
SAN-34-0 (SAN containing 34 wt.% acrylonitrile and 0 vol.% ZnO nano-particles). A 
flat surface was obtained by microtoming at room temperature. As can be seen from the 
image, the surface of the control matrix was devoid of any features, which is expected 
for a homogenous thermoplastic polymer.  
 
 
Figure 5.1: AFM image showing the microstructure of unmodified VLP (SAN-34-
0). The lines are knife marks from the microtoming process. 
 
1 μm 
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5.2.2  ZnO-B Nano-modifed VLP  
 
The AFM images shown in Figure 5.2 are of the VLP composite containing 0.10 vol.% 
ZnO-B particles, termed here SAN-34-0.10 B (T) (SAN containing 34 wt.% 
acrylonitrile and 0.10 vol.% ZnO-B nano-particles which were surface modified with 
trioxadecanoic acid (TODS)). The ZnO-B nano-particles are shown as ‘lighter regions’ 
on the height (Figure 5.2 (a) and (c)) and phase (Figure 5.2 (b) and (d)) images. The 
AFM images of SAN-34-0.10 B (T) are quite similar to those of SAN-24-0.10 B (T), as 
shown in Figure 4.4. The nano-ZnO particles were well distributed throughout the VLP 
matrix, and no agglomerates were observed. 
 
   
   
    
Figure 5.2: The microstructure of SAN-34-0.10 B (T) ((a) and (c) height images 
and (b) and (d) phase images). Arrows point to selected ZnO-B nano-particles.  
(a) (b) 
(c) (d) 
500 nm 
 
500 nm 
 
1 μm 
 
1 μm 
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Figure 5.3 shows the AFM phase images of SAN-34-0.50 B (T) and SAN-34-1.00 B 
(T). With the addition of 0.50 vol.% surface modified ZnO-B nano-particles, the 
particles were observed to be well dispersed in the VLP matrix (Figure 5.3 (a)). On 
close examination, however, it can be seen that some of the ZnO-B nano-particles 
agglomerated in clusters of two or three particles as circled in Figure 5.3 (b). These 
small agglomerates were themselves well dispersed throughout the matrix. When the 
nano-content increased to 1.00 vol.%, the dispersion was still relatively good. However 
some ZnO-B agglomerates as large as 100 nm were observed, as circled in Figure 5.3 
(c) and (d). 
 
   
   
Figure 5.3: AFM images showing the microstructures of SAN-34-0.50 B (T) ((a) 
and (b)) and SAN-34-1.00 B (T) ((c) and (d)). Arrows point to some ZnO-B nano-
particles, while the circles indicate selected ZnO-B agglomerates. 
(a) (b) 
(c) (d) 
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5.3  Thermal Analysis 
 
This section describes the investigation into the thermal behaviour of neat VLP and its 
ZnO-B nano-modified composites. DMTA and DSC were carried out to determine 
whether the ZnO-B particle will alter the gT  of the nano-modified VLP composites.  
 
5.3.1  Dynamic Mechanical Thermal Analysis (DMTA)  
 
The storage modulus, 'E , the loss factor, tanδ , and the glass transition temperature, 
gT , of ZnO-B modified VLP composites were determined by using DMTA. As 
described in section 4.3.1, dual cantilever geometry was employed at frequencies of 1 
Hz and 10 Hz over a temperature range from 20 °C to 140 °C. At least two specimens 
were tested for each formulation, and the gT  was determined to be the temperature at 
which the peak value of tanδ  occurred. 
 
0.00
0.50
1.00
1.50
2.00
2.50
3.00
0.00
1.00
2.00
3.00
4.00
5.00
0 50 100 150
Lo
ss
 fa
ct
or
, t
an
(δ
)
St
or
ag
e 
m
od
ul
us
, E
'(
G
Pa
) 
Temperature (°C)
Modulus @ 1 Hz
Modulus @ 10 Hz
tan(δ) @ 1 Hz
tan(δ) @ 10 Hz
 
Figure 5.4: DMTA traces of SAN-34-1.00 B (T) tested at 1 Hz and 10 Hz. 
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Table 5.1: The Tg of unmodified and ZnO-B nano-modified VLP composites 
results from DMTA testing at 1 Hz and 10 Hz. 
Formulation 
Nano-particle 
content 
(wt.%) 
Nano-particle 
content 
(vol.%) 
gT  at 1 Hz  
(°C) 
gT  at 10 Hz  
(°C) 
SAN-34-0 0.00 0.00 118  ± 0 124  ± 1 
SAN-34-0.10 B (T) 0.56 0.10 117  ± 1 124  ± 1 
SAN-34-0.50 B (T) 2.80 0.50 117  ± 0 123  ± 1 
SAN-34-1.00 B (T) 5.60 1.00 116  ± 1 122  ± 0 
 
Figure 5.4 shows the typical DMTA traces of SAN-34-1.00 B (T) tested at 1 Hz and 10 
Hz. As may be seen, the 'E  and tanδ  are frequency dependent, and the values obtained 
at 10 Hz are somewhat higher than those obtained at 1 Hz. Table 5.1 summarises the 
values of gT  measured via DMTA. The gT  of unmodified VLP (SAN-34-0) containing 
34 wt.% acrylonitrile was determined to be 118 ± 0 °C at 1 Hz, and 124 ± 1 °C at 10 
Hz. It seems the increased acrylonitrile content had a marginal effect on the gT  of SAN 
materials. The unmodified VLN (SAN-24-0) containing 24% acrylonitrile has similar 
gT  values of 116 ± 2 °C at 1 Hz, and 122 ± 2 °C at 10 Hz. As was observed in Chapter 
4, the addition of ZnO-B nano-particles did not significantly affect the gT  of the 
modified VLP composites as well, and all values lay within the range of 117 ± 1 °C at 1 
Hz, and 123 ± 1 °C at 10 Hz.  
 
5.3.2  Differential Scanning Calorimetry (DSC)  
 
The gT  of unmodified and ZnO-B nano-modified VLP composites was also measured 
by using DSC. Figure 5.5 shows the typical heat flow versus temperature curves of 
SAN-34-1.00 B (T). The values of gT  measured via DSC are summarised in Table 5.2. 
For the unmodified VLP (SAN-34-0), it was determined to be 105 °C, which was the 
same as that of unmodified VLN (SAN-24-0) determined via DSC. Similarly, it was 
about 10 °C lower than that measured via DMTA at 1 Hz. The addition of ZnO-B 
particles over the range investigated did not have any effect on the glass transition 
temperatures of the modified VLP composites measured using DSC, and all values lay 
within the range of 105 ± 1 °C.  
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Figure 5.5: Typical DSC trace showing the heat flow versus temperature of SAN-
34-1.00 B (T). 
 
Table 5.2: The Tg of the unmodified and ZnO-B nano-modified VLP composites 
measured using DSC. 
Formulation Nano-particle content (wt.%) 
Nano-particle 
content (vol.%) g
T   (°C) 
SAN-34-0 0.00 0.00 105 
SAN-34-0.10 B (T) 0.56 0.10 104 
SAN-34-0.50 B (T) 2.80 0.50 105 
SAN-34-1.00 B (T) 5.60 1.00 105 
 
5.4  Mechanical Behaviour at 23 °C 
 
This section describes the results of an investigation into the mechanical behaviour of 
the unmodified and ZnO-B nano-modified VLP composites tested at 23 °C. Tensile, 
compressive, quasi-static fracture and fatigue tests were carried out in order to 
determine the mechanical properties of VLP composites with increasing ZnO-B nano-
content.  
 
1st heating cycle 
Cooling cycle 
2nd heating cycle 
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5.4.1  Results of the Tensile Testing of VLP 
 
Tensile tests were performed on dumbbell specimens approximately 4 mm in thickness 
and 4 mm in width at a crosshead speed of 1 mm/min. Figure 5.6 shows typical tensile 
stress-strain curves of unmodified VLN, unmodified VLP and ZnO-B nano-modified 
VLP composites tested at 23 °C. The Young’s modulus, E , failure stress, fσ , and 
failure strain, fε , were obtained from the stress-strain curves. Figure 5.6 also shows 
that for the unmodified and ZnO-B nano-modified VLP composites, the tensile stress 
versus strain curves were steeper than that of unmodified VLN, indicating the VLP 
composites have a higher E  than VLN. Meanwhile, the VLP composites failed at a 
larger strain than neat VLN material. However, no obvious plastic deformation was 
observed for the ZnO-B nano-modified VLP composites and all materials still fractured 
in a brittle manner. Thus, compressive tests were also carried out to determine the yield 
properties of unmodified VLP and its ZnO-B nano-modified composites.  
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Figure 5.6: Typical tensile stress versus strain curves of unmodified VLN, 
unmodified VLP and ZnO-B modified VLP composites tested at 23 °C. 
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Table 5.3: Summary of the Young’s modulus, failure stress and failure strain of 
unmodified and ZnO-B nano-modified VLP composites tested at 23 °C. 
Formulation 
Nano-particle 
content 
(vol.%) 
Young's 
modulus, E  
(GPa) 
Failure stress, 
fσ  (MPa) 
Failure strain, 
fε  (%) 
SAN-34-0 0.00 4.14 ± 0.03 75 ± 3 2.17 ± 0.14 
SAN-34-0.10 B (T) 0.10 4.21 ± 0.07 77 ± 3 2.27 ± 0.15 
SAN-34-0.50 B (T) 0.50 4.24 ± 0.06 78 ± 4 2.28 ± 0.20 
SAN-34-1.00 B (T) 1.00 4.33 ± 0.05 75 ± 3 2.10 ± 0.12 
 
Table 5.3 summarises the tensile results obtained at 23 °C. The E  of SAN-34-0 was 
determined in the range of 4.14 ± 0.03 GPa, 7% higher than that of SAN-24-0. VLP 
with a higher acrylonitrile content than VLN tends to have more entanglement density 
and molecular weight, which lead to a higher modulus. The fσ  and fε  of SAN-34-0 
were measured to be 75 ± 3 MPa and 2.17 ± 0.14 %, respectively, which were also 
higher than those of SAN-24-0, 53 ± 1 MPa and 1.51 ± 0.02 %. These can also be found 
from the tensile stress-strain curves in Figure 5.6. 
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Figure 5.7:  Young’s modulus of VLP composites versus volume fraction of ZnO-B 
nano-particles tested at 23 °C. Points are experimental data and lines are 
theoretical predictions. 
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The E  of VLP composites tested at 23 °C increased with increasing ZnO-B nano-
content, which is expected because the nano-ZnO particles have a much higher modulus 
(~ 140 GPa [136, 137]) than the unmodified VLP matrix. With the addition of 0.50 
vol.% ZnO-B nano-particles, the E  was measured to be 4.24 ± 0.06 GPa. It further 
increased to 4.33 ± 0.05 GPa, 5% higher than that of the matrix, when the volume 
content of nano-particles reached 1.00 vol.%.  
 
Figure 5.7 shows the predictions of E  with the various analytical models together with 
the experimental data. The measured E  increased linearly with increasing nano-content. 
Six analytical models including the Kerner, the Halpin-Tsai, the Nielsen, the Van Es, 
the series, and the parallel models were studied. As can be seen in Figure 5.7, the 
parallel and the series models gave the lower and upper boundaries of the predictions, 
and all experimental data were between these two lines. The Kerner and the Nielsen 
models gave similar predictions, however, the two models under-predicted the modulus 
of the composite. The predictions given by the Halpin-Tsai model were somewhat 
higher than the experimental data, while the Van Es model gave the most accurate 
prediction, as the predicted line passed through the error bars of all experimental data.  
 
As was observed for ZnO-B nano-modified VLN composites described in section 4.4.1, 
the nano-particles also had only a minimal effect on the fσ  and fε of the VLP 
composites tested at 23 °C. They were determined in the range of 76 ± 2 MPa and 2.20 
± 0.10 % for the ZnO-B modified VLP composites regardless of the nano-content.  
 
5.4.2  Results of the Compressive Testing of VLP 
 
The unmodified and ZnO-B nano-modified VLP composites tested in tension at 23 °C 
failed in a brittle manner, so yield stress was not obtained. To overcome this problem, 
compressive tests were performed on VLP composites to identify the yielding 
properties. Cylindrical specimens approximately 6 mm in height (parallel to the axis of 
compressive force) and 20 mm in diameter were tested. A lubricant was applied 
between the loading plates and the specimen to reduce friction in the tests.  
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Figure 5.8 shows the true stress versus true stain curves for the unmodified VLP tested 
in tension and compression. Also shown are the ZnO-B nano-modified VLP composites 
tested in compression at 23 °C. As may be seen, the unmodified VLP fractured at a 
lower stress and strain in tension than in compression. However, the unmodified and 
ZnO-B nano-modified VLP composites all exhibited very similar compressive stress-
strain curves tested at 23 °C. 
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Figure 5.8: Typical true stress versus true strain curves of unmodified VLP tested 
in tension and in compression and ZnO-B nano-modified VLP composites tested in 
compression at 23 °C. 
 
Table 5.4: Summary of the compressive properties of unmodified and ZnO-B 
nano-modified VLP composites tested at 23 °C. 
Formulation 
Nano-
particle 
content 
(vol.%) 
Compressive 
modulus, cE  
 (GPa) 
Compressive 
yield stress , 
cyσ  (MPa) 
Compressive 
yield strain, 
cyε  (%) 
SAN-34-0 0.00 4.18 ± 0.02 127 ± 2 5.58 ± 0.16 
SAN-34-0.10 B (T) 0.10 4.22 ± 0.10 126 ± 1 5.86 ± 0.14 
SAN-34-0.50 B (T) 0.50 4.32 ± 0.07 127 ± 1 5.84 ± 0.15 
SAN-34-1.00 B (T) 1.00 4.38 ± 0.02 127 ± 1 5.85 ± 0.11 
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The compressive results obtained at 23 °C are summarised in Table 5.4. The 
compressive modulus, cE , of SAN-34-0 was measured to be 4.18 ± 0.02 GPa, which 
was in good agreement with tensile modulus, 4.14 ± 0.03 GPa, obtained at 23 °C. The 
cE  of VLP composites increased steadily with increasing ZnO-B nano-content. The 
compressive yield stress, cyσ , and yield strain, cyε , of SAN-34-0 were determined in the 
range of 127 ± 2 MPa and 5.58 ± 0.16 %. Similarly, there was a marginal effect on the 
cyσ  and cyε  with the addition of ZnO-B nano-particles up to 1.00 vol.%. The average 
cyσ  of VLP composites at 23 °C was determined in the range of 127 ± 1 MPa. 
According to ISO 13586 [124], the tensile yield stress, yσ , of the unmodified and ZnO-
B nano-modified VLP composites tested at 23 °C was determined to be approximately 
89 MPa.  
 
5.4.3  Results of the Fracture Testing of VLP 
 
Fracture tests were performed on single edge notch bending (SENB) specimens to 
obtain the mode Ι  fracture toughness, IcK , and the fracture energy, IcG , of unmodified 
VLP and its ZnO-B nano-modified composites at 23 °C. Table 5.5 summarises the 
fracture results obtained at 23 °C. The IcK  and IcG  are also plotted with increasing 
nano-content in Figure 5.9. An average IcK  of 2.11 ± 0.08 MPa·m
1/2 and IcG  of 963 ± 
25 J/m2 were determined for SAN-34-0. They are 88% and 205% higher than those of 
the unmodified VLN (SAN-24-0), which indicates the acrylonitrile content plays a 
significant role in the toughness of SAN material.  
 
Table 5.5: Summary of the fracture properties of unmodified and ZnO-B nano-
modified VLP composites tested at 23 °C. 
Formulation 
Nano-particle 
content  
(vol.%) 
Fracture 
toughness , 
 IcK  (MPa·m
1/2) 
Fracture energy, 
IcG  (J/m
2) 
SAN-34-0 0.00 2.11 ± 0.08 963 ± 25 
SAN-34-0.10 B (T) 0.10 2.30 ± 0.02 1166 ± 45 
SAN-34-0.50 B (T) 0.50 2.18 ± 0.07 1043 ± 89 
SAN-34-1.00 B (T) 1.00 1.93 ± 0.12 814 ± 69 
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Figure 5.9: Fracture toughness and fracture energy versus nano-content for ZnO-
B modified VLP composites tested at 23 °C. 
 
With the inclusion of ZnO-B nano-particles, the IcK  and IcG  of VLP composites 
showed a similar trend (Figure 5.9). An improvement in toughness was observed with 
the addition of 0.10 vol.% ZnO-B nano-particles, and the IcK  and IcG  were increased 
by 9% and 21%, respectively. However, further increasing the nano-content, the IcK  
and IcG  declined somewhat. They were measured to be 2.18 ± 0.07 MPa·m
1/2 and 372 ± 
9 J/m2, with the addition of 0.50 vol.% ZnO-B nano-particles, and further declined to 
1.93 ± 0.12 MPa·m1/2 and 814 ± 69 J/m2 when the nano-content reached 1.00 vol.%. The 
AFM images in Figure 5.3 show that the ZnO-B nano-particles agglomerated with 
increasing nano-content. The nano-particle agglomerates caused stress concentrations 
and were responsible for the decrease in toughness for the nano-modified VLP 
composites at high nano-content. More discussions will be presented in Chapter 9. 
 
 
5.4.4  Microscopy of the Fracture Surfaces  
 
Scanning electron microscopy (SEM) was performed on some of the fracture surfaces 
for the unmodified and ZnO-B nano-modified VLP composites tested at 23 °C to 
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investigate the fracture mechanisms responsible for the toughness values observed in 
SENB tests. Pre-cracks were obtained by tapping new razor blades through the notch 
tips, and these pre-cracks were visible in the low magnification images as vertical lines 
to the far left of the micrograph. The direction of crack propagation was from left to 
right in all images. 
 
The SEM images shown in Figure 5.10 depict the fracture surface of unmodified VLP 
(SAN-34-0) tested at 23 °C. Three distinct regions, namely, the pre-crack, the process 
and the fast fracture, were observed in Figure 5.10 (a). The high resolution SEM images 
in Figure 5.10 (b)-(e) show the process zone of the unmodified VLP matrix after SENB 
test. Some parabolas or conic markings were observed during the crack propagation. 
These markings were caused by secondary fractures [144]. The stress concentrations at 
inhomogeneities in the body, such as air bubbles and structural discontinuities, led to 
the breaking stress of the material being exceeded in a number of dispersed regions in 
front of the main fracture [140]. These secondary fractures spread in a circular manner 
in a plane parallel to the main fracture. The heterogeneity giving rise to the secondary 
fracture can sometimes be observed within the conic, as circled in Figure 5.10 (d) and 
(e). However, for the unmodified VLN matrix (SAN-24-0) tested at 23 °C, the process 
zone was very small and flat, and no conic markings were observed (Figure. 4.20).  
 
Figures 5.11 and 5.12 show the fracture surfaces of SAN-34-0.10 B (T) and SAN-34-
1.00 B (T) tested at 23 °C. As described in Chapter 4, the appearance of the fracture 
surfaces changed significantly with the inclusion of ZnO-B nano-particles to VLN 
polymer. However, the difference of fracture surfaces between the unmodified VLP and 
its ZnO-B nano-modified composites was not as prominent as that observed in ZnO-B 
modified VLN composites.  
 
With the addition 0.10 vol.% of ZnO-B nano-particles to VLP, the density of conic 
markings in the process zone was higher than that of the unmodified VLP matrix. The 
increased conic markings were therefore due to the ZnO-B nano-particles included. The 
nano-particles acted as stress concentrators, promoting the formation of these conic 
markings. The voids with the diameters in the range of 100 nm to 300 nm within the 
conic could be observed in the high resolution SEM image (Figure 5.11 (e)). It is 
believed that the formation of these conic markings and voids is accompanied by a 
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series of energy dissipative events, such as localized micro-deformation of matrix, 
debonding of nano-particles, and subsequent plastic void growth of the matrix. These 
contributed to the increase in toughness of the ZnO-B modified VLP composites. The 
SENB tests showed that the IcK  and IcG  of SAN-34-0.10 B (T) increased by 9% and 
21%, respectively, when compared with the unmodified matrix.  
 
The fracture surface of SAN-34-1.00 B (T) shown in Figure 5.12 is very similar to that 
of SAN-34-0.10 B (T). A large amount of conic markings with debonded nano-particles 
were observed in the process zone (Figure 5.12 (e)). However, the density of conic 
markings decreased notably from SAN-34-0.10 B (T) to SAN-34-1.00 B (T). This was 
consistent with the measured toughness values, and the IcG  of SAN-34-1.00 B (T) was 
measured to be 814 ± 69 J/m2, decreased by 30% when compared with SAN-34-0.10 B 
(T). 
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Figure 5.10: SEM images of SAN-34-0 tested at 23 °C, showing (a) the pre-crack, 
the process and the fast fracture regions and (b)-(e) higher magnification of the 
process zone (Red circles indicate the inhomogeneities causing the conic markings). 
(a) (b) 
(c) (d) 
(e) 
Pre-crack Process  Fast fracture  
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Figure 5.11: SEM images of SAN-34-0.10 B (T) tested at 23 °C, showing (a) the 
pre-crack, the process and the fast fracture regions and (b)-(e) higher 
magnification of the process zone (Some voids are indicated with red circles). 
(a) (b) 
(c) (d) 
(e) 
Pre-crack 
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Figure 5.12: SEM images of SAN-34-1.00 B (T) tested at 23 °C, showing (a) the 
pre-crack, the process and the fast fracture regions and (b)-(e) higher 
magnification of the process zone (Some voids are indicated with red circles). 
(a) (b) 
(c) (d) 
(e) 
Pre-crack 
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5.4.5  Results of the Fatigue Testing of VLP 
 
Fatigue tests were carried out to investigate the fatigue behaviour of unmodified VLP 
and its ZnO-B nano-modified composites at 23 °C. Similarly, compact tension (CT) 
specimens with the thickness of about 6 mm and the width of about 45 mm were 
employed. At least two specimens were tested for each formulation in displacement-
control with a fixed displacement ratio, R , of 0.5 and a test frequency, f , of 5 Hz.  
 
The results obtained from fatigue tests were analysed and presented in the same form as 
described in Chapter 4. The crack growth rate, /da dN , has been plotted against the 
maximum fracture energy, maxG , on a logarithmic scale (Figure 5.13). The chances of 
the fracture surfaces coming into contact each other during the unloading part of the 
cycle are high when the fatigue test reaches the threshold region, producing higher minK  
and minG values. Thus, the maximum fracture energy threshold, max( )thG , was calculated 
as the primary parameter for illustrating the fatigue behaviour. 
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Figure 5.13: Double logarithmic plots of crack growth rate, da/dN, versus 
maximum fracture energy, Gmax, for ZnO-B modified VLP composites. 
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Table 5.6: Summary of the fatigue properties of unmodified and ZnO-B nano-
modified VLP composites tested at 23 °C. 
Formulation Nano-particle content (vol.%) 
Maximum 
fracture energy 
threshold, 
max( )thG  (J/m
2) 
Paris-law 
parameter, m  
SAN-34-0 0.00 22 ± 3 1.87 ± 0.26 
SAN-34-0.10 B (T) 0.10 33 ± 1 1.94 ± 0.15 
SAN-34-0.50 B (T) 0.50 40 ± 2 2.16 ± 0.35 
SAN-34-1.00 B (T) 1.00 32 ± 3 1.99 ± 0.07 
 
Table 5.6 summarises the fatigue test results of the unmodified and ZnO-B nano-
modified VLP composites tested at 23 °C. The max( )thG  and Paris-law parameter, m , 
were calculated from the log( / )da dN  versus maxlog( )G  curves in Figure 5.13. Figures 
5.14 and 5.15 show the max( )thG  and m  with increasing nano-content for the ZnO-B 
modified VLP composites tested at 23 °C. 
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Figure 5.14: The maximum fracture energy threshold, (Gmax)th, versus the nano-
content for the ZnO-B modified VLP composites. 
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Figure 5.15: The Paris-law parameter, m, versus the nano-content for the ZnO-B 
modified VLP composites. 
 
The max( )thG  of unmodified VLP (SAN-34-0) was determined in the range of 22 ± 3 
J/m2, which was somewhat higher than that of unmodified VLN (SAN-24-0), 17 ± 1 
J/m2. With the addition of ZnO-B nano-particles, the max( )thG  of VLP composites 
increased significantly. It was measured to be 33 ± 1 J/m2 with the addition of 0.10 
vol.% ZnO-B nano-particles, and peaked at 40 ± 2 J/m2, 81% higher than that of the 
unmodified VLP matrix when the nano-content reached 0.50 vol.%. Further increasing 
the ZnO-B nano-content up to 1.00 vol.% decreased the max( )thG  of SAN-34-1.00 B (T) 
to 33 ± 1 J/m2. The decrease in max( )thG  was caused by the ZnO-B agglomerates (Figure 
5.3) at higher volume content. However, it appears that the addition of ZnO-B nano-
particles only had a marginal effect on the Paris-law parameter, m , and it varied around 
a mean value of 2.00 for the unmodified and ZnO-B nano-modified VLP composites. 
The average Paris-law parameter of ZnO-B nano-modified VLP composites was smaller 
than that of ZnO-B nano-modified VLN composites, indicating the modified VLP 
composites are more fatigue resistant than the VLN composites. 
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5.4.6  Microscopy of Fatigue Fracture Surfaces  
 
Scanning electron microscopy (SEM) was performed on the fracture surfaces of CT 
specimens after fatigue tests at 23 °C. Three distinct regions, namely, the crack 
initiation, the crack propagation and the fatigue threshold were investigated. As may be 
seen in Figures 5.16 and 5.17, differences were observed between the various 
microstructures of the different regions. The degree of plastic deformation decreased 
from the crack initiation and crack propagation regions through to the fatigue threshold 
region. The direction of fatigue crack propagation was always from left to right in the 
micrographs.  
 
The SEM micrographs shown in Figure 5.16 depict the fatigue fracture surface of 
unmodified VLP (SAN-34-0). Figure 5.16 (a) shows the crack initiation region, (b) and 
(c) show the crack propagation region, and (e) and (f) show the fatigue threshold region. 
Little difference was observed for the fatigue fracture surfaces of unmodified VLP and 
VLN (Figure 4.28) tested at 23 °C. River markings or striation marks caused by the 
excess of energy associated with the relatively fast crack growth, extended throughout 
the crack propagation region (Figure 5.16 (b) and (c)). The fracture surface was found to 
be smooth, flat and featureless in the fatigue threshold region. This is due to the crack 
propagated slowly and steadily near the threshold region.  
 
Figure 5.17 shows the fatigue fracture surface of SAN-34-0.50 B (T) tested at 23 °C. 
High magnification image in Figure 5.17 (c) shows the surface was rougher with the 
addition of ZnO-B nano-particles in the crack propagation region. In low magnification, 
the fatigue threshold region (Figure 5.17 (d)) was still very flat. However, numerous 
voids with the size of about 120 nm were observed in high resolution SEM image of the 
fatigue threshold region (Figure 5.17 (e)). As was discussed in Chapter 4, these voids 
were caused by debonding of ZnO-B nano-particles and subsequent void growth of the 
VLP matrix. The plastic void growth of the matrix was responsible for the increase in 
the measured max( )thG  for the nano-modified VLP composites. The fatigue result shows 
that the max( )thG  of 0.50 vol.% ZnO-B nano-modified VLP composite was increased by 
81%, from 22 ± 3 J/m2 to 40 ± 2 J/m2. 
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Figure 5.16: SEM images showing the fatigue fracture surface of SAN-34-0: (a) the 
crack initiation, (b) and (c) the crack propagation and (d) and (e) the threshold 
regions. 
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Figure 5.17: SEM images showing the fatigue fracture surface of SAN-34-0.50 B 
(T): (a) the crack initiation, (b) and (c) the crack propagation and (d) and (e) the 
threshold regions (Some voids are indicated with red circles). 
(a) (b) 
(c) (d) 
(e) 
Pre-crack 
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5.4.7  Relationship between Static and Fatigue Results 
 
The quasi-static and fatigue properties of ZnO-B nano-modified VLP composites tested 
at 23 °C are shown in Figure 5.18. As was observed in Chapter 4, the ZnO-B nano-
particles can improve the quasi-static and fatigue properties of the modified VLP 
composites simultaneously, a result which cannot be achieved by only adding micron-
sized rubber particles or rigid particles [98, 99]. The maximum value of IcG  was 
achieved with the addition of 0.10 vol.% ZnO-B particles, which led to an increase of 
21% compared with the unmodified matrix. The maximum max( )thG  was achieved with 
the addition of 0.50 vol.% ZnO-B particles, which was increased by 81%. Therefore, 
there appears to be an optimum volume fraction of ZnO-B nano-particles to achieve the 
best performance of VLP composites, which lies in the range of 0.10 vol.% - 0.50 
vol.%.  
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Figure 5.18: The relationship between the maximum fracture energy threshold, 
(Gmax)th, and fracture energy, GIc, for the ZnO-B modified VLP composites. 
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5.5  Mechanical Behaviour at 80 °C 
 
In this section, the results of the investigation into the mechanical behaviour of 
unmodified VLP and its ZnO-B nano-modified composites at 80 °C are presented. The 
test values obtained at 80 °C were compared with those at 23 °C. Finally, SEM was 
performed on the fracture surfaces of SENB specimens tested at 80 °C to investigate the 
toughening mechanisms presented.  
 
5.5.1  Result of the Tensile Testing of VLP 
 
Tensile tests were performed in an environmental chamber, as described in section 
3.3.6. Figure 5.19 shows the tensile stress versus strain curves of unmodified VLP 
tested at 23 °C and 80 °C and VLP composites containing ZnO-B nano-particles tested 
at 80 °C. As may be seen, the unmodified VLP tested at 80 °C had a lower slope at the 
start of stress-strain curve. This is expected, because VLP has a lower modulus at 80 °C 
than at 23 °C. With the inclusion of ZnO-B nano-particles, the stress-strain curves of 
VLP composites showed a similar trend. All materials failed in a brittle manner and 
there was no obvious plastic deformation before fracture, as observed at 23 °C. 
Therefore, compressive tests were also carried out at 80 °C to find the yield properties. 
 
Table 5.7 summarises the tensile results obtained at 80 °C. The E , fσ  and fε  were 
calculated from the stress versus strain curves. An average E  of 3.43 ± 0.10 GPa was 
measured for the unmodified VLP at 80 °C, which was reduced by 17% compared with 
that of neat VLP at 23 °C. This finding was in good agreement with that observed for 
unmodified VLN material. The E  of unmodified VLN was reduced by 18%, from 3.87 
± 0.05 GPa at 23 °C to 3.19 ± 0.03 GPa at 80 °C.  
 
As expected, the E  of the modified VLP composites at 80 °C increased steadily with 
increasing ZnO-B nano-content. With the addition of 0.50 vol.% ZnO-B nano-particles, 
the E  was measured to be 3.52 ± 0.01 GPa. It further increased to 3.57 ± 0.06 GPa, 4% 
higher than that of the matrix, when the volume content of nano-particles reached 1.00 
vol.%.  
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Figure 5.19: Tensile stress versus strain curves of unmodified VLP at 23 °C and 80 
°C and ZnO-B modified VLP composites at 80 °C. 
 
Table 5.7: Tensile properties of unmodified and ZnO-B nano-modified VLP 
composites tested at 80 °C. 
Formulation 
Nano-particle 
content 
(vol.%) 
Young's 
modulus, E  
(GPa) 
Failure stress, 
fσ  (MPa) 
Failure strain, 
fε  (%) 
SAN-34-0 0.00 3.43 ± 0.10 43 ± 2 1.44 ± 0.10 
SAN-34-0.10 B (T) 0.10 3.47 ± 0.04 45 ± 2 1.53 ± 0.10 
SAN-34-0.50 B (T) 0.50 3.52 ± 0.01 45 ± 1 1.55 ± 0.03 
SAN-34-1.00 B (T) 1.00 3.57 ± 0.06 44 ± 2 1.52 ± 0.09 
   
Figure 5.20 shows the E  of VLP composites tested at 80 °C with increasing nano-
content and the predictions with six analytical models. The measured E  of VLP 
composites increased linearly with increasing nano-content, because ZnO particles have 
a much higher modulus (~ 140 GPa [136, 137]) than that of the unmodified VLP matrix. 
The experimental data were within the predicted lines of the Halpin-Tsai and the Van Es 
models, indicating the two models gave good predictions of the modulus of ZnO-B 
nano-modified VLP composites tested at 80 °C. The Kerner and the Nielsen models 
gave similar predictions at low volume fractions, however, the two models under-
predicted the modulus of the composites. 
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Figure 5.20: Young’s modulus of VLP composites versus volume fraction of ZnO-
B nano-particles tested at 80 °C. Points are experimental data and lines are 
theoretical predictions. 
 
The fσ  and fε  were determined in the range of 43 ± 2 MPa and 1.44 ± 0.10 % for the 
unmodified VLP at 80 °C. They were reduced by 42% and 34%, respectively, when 
compared with those of neat VLP tested at 23 °C. However, they were much higher than 
those of the unmodified VLN tested at 80 °C, which were measured to be 34 ± 2 MPa 
and 1.30 ± 0.18 %. The inclusion of ZnO-B nano-particles had only a marginal effect on 
the fσ  and fε  of the modified VLP composites. The fσ  and fε  of ZnO-B modified 
VLP composites at 80 °C were determined in the range of 44 ± 1 MPa and 1.50 ± 0.05 
% regardless of the nano-content. 
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5.5.2  Results of the Compressive Testing of VLP 
 
Uniaxial compressive tests were also performed to determine the yielding properties of 
ZnO-B nano-modified VLP composites at 80 °C, because testing these materials in 
tension led to fracture prior to yielding. Figure 5.21 shows the true stress versus true 
strain curves of unmodified VLP tested in tension and in compression and ZnO-B 
modified VLP composites tested in compression at 80 °C. As was observed at 23 °C, 
the unmodified VLP still fractured at a lower stress and strain in tension at 80 °C. 
Yielding was observed for the unmodified and ZnO-B modified VLP composites tested 
in compression at 80 °C, and strain softening occurred afterwards. However, the 
materials yielded at lower compressive stress and strain at 80 °C than at 23 °C (Figure 
5.8). The compressive stress versus strain curves of the unmodified and ZnO-B nano-
modified VLP composites showed similar trend regardless of the nano-content.  
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Figure 5.21: Typical true stress-strain curves of neat VLP tested in tension and in 
compression and ZnO-B modified VLP composites tested in compression at 80 °C. 
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Table 5.8: Summary of the compressive properties of unmodified and ZnO-B 
nano-modified VLP composites tested at 80 °C. 
Formulation 
Nano-
particle 
content 
(vol.%) 
Compressive 
modulus, cE  
 (GPa) 
Compressive 
yield stress , 
cyσ  (MPa) 
Compressive 
yield strain, 
cyε  (%) 
SAN-34-0 0.00 3.41 ± 0.03 84 ± 1 3.65 ± 0.12 
SAN-34-0.10 B (T) 0.10 3.47 ± 0.05 83 ± 2 3.67 ± 0.10 
SAN-34-0.50 B (T) 0.50 3.50 ± 0.03 85 ± 2 3.61 ± 0.09 
SAN-34-1.00 B (T) 1.00 3.55 ± 0.06 84 ± 1 3.62 ± 0.12 
 
Table 5.8 summarises the compressive results obtained at 80 °C. The cE  of SAN-34-0 
was measured to be 3.41 ± 0.03 GPa at 80 °C.  With the inclusion of ZnO-B particles, 
the cE  was found to increase steadily. It was measured to be 3.47 ± 0.05 GPa for SAN-
34-0.10 B (T), and further increased to 3.55 ± 0.06 GPa when the nano-content reached 
1.00 vol.%.  
 
The cyσ  of SAN-34-0 tested at 80 °C was determined in the range of 84 ± 1 MPa, which 
was reduced by 35% when compared with that of unmodified VLP tested at 23 °C. As 
was observed in compressive tests at 23 °C, the added ZnO-B nano-particles also had 
only a marginal effect on the cyσ  and cyε  of the modified VLP composites at 80 °C. 
They were measured to be about 84 MPa and 3.64%. According to ISO 13586 [124], 
the yσ  is approximately 70% of the cyσ , the yσ  of unmodified and ZnO-B nano-
modified VLP composites at 80 °C was determined to be around 59 MPa.  
 
5.5.3  Results of the Fracture Testing of VLP 
 
Fracture tests were carried out on SENB specimens at 80 °C. Table 5.9 summarises the 
fracture results of unmodified and ZnO-B nano-modified VLP composites. An average 
IcK  of 1.49 ± 0.04 MPa·m
1/2 and IcG  of 561 ± 32 J/m
2 were determined for the 
unmodified VLP at 80 ºC. They were reduced by 29% and 42%, respectively, when 
compared with those obtained at 23 °C. However, the IcK  and IcG  of unmodified VLP 
were 67% and 159% higher than those of unmodified VLN tested at 80 ºC. 
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Table 5.9: Summary of fracture properties of unmodified and ZnO-B modified 
VLP composites at 80 °C. 
Formulation 
Nano-particle 
content  
(vol.%) 
Fracture 
toughness , 
 IcK  (MPa·m
1/2) 
Fracture energy, 
IcG  (J/m
2) 
SAN-34-0 0.00 1.49 ± 0.04 561 ± 32 
SAN-34-0.10 B (T) 0.10 1.54 ± 0.05 632 ± 26 
SAN-34-0.50 B (T) 0.50 1.58 ± 0.08 677 ± 11 
SAN-34-1.00 B (T) 1.00 1.60 ± 0.03 699 ± 11 
 
The IcK  and IcG  of ZnO-B nano-modified VLP composites at 23 ºC and 80 ºC are 
plotted in Figures 5.22 and 5.23. The IcK  and IcG  had a notable increase with the initial 
addition of nano-particles at 23 ºC. They peaked at 2.30 ± 0.02 MPa·m1/2 and 1166 ± 45 
J/m2, respectively, with the addition of 0.10 vol.% nano-particles. Both IcK  and IcG  
decreased gradually with further increase in the nano-content. However, the IcK  and 
IcG  of ZnO-B nano-modified VLP composites tested at 80 ºC increased steadily with 
increasing nano-content. With the addition of 0.10 vol.% ZnO-B nano-particles, they 
were measured to be 1.54 ± 0.05 MPa·m1/2 and 632 ± 26 J/m2. The maximum 
toughening was achieved with the inclusion of 1.00 vol.% ZnO-B nano-particles, and 
the IcK  and IcG  were determined in the range of 1.60 ± 0.03 MPa·m
1/2 and 699 ± 11 
J/m2, respectively, 7% and 24% higher than those of the unmodified matrix.  
 
It was reported in Chapter 4 that the toughening effect of ZnO-B nano-particles at 
higher volume content tested at 80 ºC was superior to that at 23 ºC. The IcG  of SAN-24-
0.50 B (T) was increased by 59% at 80 ºC, while it was only increased by 18% at 23 ºC. 
Similar result was observed for the ZnO-B nano-modified VLP composites. The 
addition of 1.00 vol.% ZnO-B nano-particles increased the IcG  of VLP by 24% at 80 
ºC, while it reduced the IcG  of VLP by 15% at 23 ºC because of the nano-particle 
agglomerates. It appears that the matrix materials were less sensitive to agglomerates 
and stress concentrations at 80 ºC. Comparing the IcG  of ZnO-B modified VLN and 
VLP at 80 ºC, it was also found that ZnO-B particles can increase the toughness of VLN 
matrix more than that of VLP matrix. With the addition of 0.50 vol.% ZnO-B particles, 
the IcG  of VLN composite was increased by 59% at 80 ºC, while it was only increased 
by 21% for the VLP composite. More discussion will be presented in Chapter 9. 
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Figure 5.22: Fracture toughness of ZnO-B nano-modified VLP composites tested 
at 23 °C and 80 °C. 
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Figure 5.23: Fracture energy of ZnO-B nano-modified VLP composites tested at 23 
°C and 80 °C. 
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5.5.4  Microscopy of the Fracture Surfaces  
 
Scanning electron microscopy (SEM) was also carried out on the fracture surfaces of 
unmodified and ZnO-B nano-modified VLP composites tested at 80 ºC to identify the 
fracture mechanisms presented. The direction of crack propagation was from left to 
right in all micrographs. 
 
Figure 5.24 shows the fracture surface of unmodified VLP tested at 80 ºC. It was 
reported in section 5.4.4 that some conic markings were observed in the process zone 
and numerous crack forking and large-scale plastic deformation were observed in the 
fast fracture region of the unmodified VLP tested at 23 ºC (Figure 5.10). However, for 
the unmodified VLP tested at 80 ºC, the process zone on the fracture surface was very 
small, flat and devoid of any features (Figure 5.24 (b)). A relatively rough fracture 
surface with crack forking was observed in the fast fracture region (Figure 5.24 (a)), but 
the crack forking density was lower and the fracture surface was much smoother when 
compared with the fracture surfaces of unmodified VLP tested at 23 ºC (Figure 5.10 
(a)). This is consistent with the decrease in fracture toughness from 23 ºC to 80 ºC. The 
SENB results show that the IcK  and IcG  of unmodified VLP were determined in the 
range of 1.49 ± 0.04 MPa·m1/2 and 561 ± 32 J/m2 at 80 ºC, which were 29% and 42% 
smaller than those tested at 23 ºC. 
 
The SEM images shown in Figure 5.25 depict the fracture surfaces SAN-34-1.00 B (T) 
tested at 80 ºC. As may be seen, numerous voids were observed in the process zones of 
ZnO-B nano-modified VLP composites tested at 80 ºC. The high resolution SEM image 
in Figure 5.25 (e) shows that the size of the cavitations ranged from 100 nm to 300 nm. 
Considering the ZnO-B particles have an average particle diameter of 12 nm and an 
aspect ratio of 3, large local plastic deformation of the matrix occurred after the 
debonding of nano-particles. By contrast, no such cavitations were found in the 
unmodified matrix. The debonding of nano-particles and subsequent void growth of the 
matrix, resulting in large energy dissipation during the fracture, contributed to the 
increase in toughness for the ZnO-B nano-modified VLP composites.   
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Figure 5.24: SEM images of SAN-34-0 tested at 80 °C, showing (a) the pre-crack, 
the process and the fast fracture regions and (b) a higher magnification of the 
process zone (Crack propagation was from left to right). 
(b) 
Pre-crack 
(a) 
Fast fracture  
 
  Process  
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Figure 5.25: SEM images of SAN-34-1.00 B (T) tested at 80 °C, showing (a) the 
pre-crack, the process and the fast fracture regions and (b)-(e) higher 
magnification of the process zone (Red arrows point to some selected cavities). 
(a) (b) 
(c) (d) 
(e) 
Pre-crack 
CHAPTER 5    ZNO-B NANO-MODIFIED SAN (VLP) SYSTEM 
 
168 
5.6  Chapter Summary 
 
This chapter has described the investigation into the thermal and mechanical properties 
of ZnO-B nano-modified VLP (SAN containing 34% acrylonitrile) composites at 23 ºC 
and 80 ºC. The ZnO-B particle is a short nano-rod which has an average particle 
diameter of 12 nm with an aspect ratio of 3. The dispersion of ZnO-B in the VLP matrix 
was assessed by using AFM. Tensile, compressive, fracture and fatigue tests were 
carried out to determine the mechanical properties of the nano-modified VLP 
composites. Finally, SEM was employed to study the fracture surfaces of the specimens 
after fracture and fatigue testing to investigate the toughening mechanisms presented. 
 
AFM analysis showed that the ZnO-B nano-particles were well dispersed through the 
VLP matrix up to 0.50 vol.%, after which some of the nano-particles agglomerated in 
clusters of two to four particles. This behaviour was observed at 1.00 vol.% of ZnO-B 
particle. The addition of ZnO-B nano-particles had no significant effect on the gT , and it 
was measured to be around 105 ± 1 °C via DSC for the unmodified and nano-modified 
VLP composites.  
 
The fracture toughness of SAN was improved significantly by increasing the 
acrylonitrile content from 24% to 34%.  The E , IcK  and IcG  of VLP composites were 
also improved with addition of ZnO-B nano-particles at 23 ºC and 80 ºC. The IcG  of 
VLP composite containing 0.10 vol.% ZnO-B nano-particle at 23 ºC and 80 ºC were 
increased by 21% and 13%, respectively. The fatigue resistance of VLP composites was 
also improved by the addition of ZnO-B nano-particles. The maximum max( )thG  was 
achieved with the addition of 0.50 vol.% ZnO-B particles, which was measured to be 40 
± 2 J/m2, 81% higher than that of the unmodified matrix. 
 
The SEM studies showed that more parabolas were observed in the process zones of the 
fracture surfaces for the ZnO-B nano-modified VLP composites at 23 °C. The ZnO-B 
particles initiated more secondary fractures. Debonding of nano-particles and 
subsequent void growth of the matrix were observed at both 23 °C and 80 °C. These 
were the main toughening mechanisms identified. 
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CHAPTER 6 
 
 
6 ZNO-C NANO-MODIFIED SAN 
(VLN) SYSTEM 
 
6.1  Introduction 
 
Following the results obtained from ZnO-A and ZnO-B nano-modified SAN (VLN) and 
ZnO-B nano-modified SAN (VLP), the effects of adding smaller spherical ZnO nano-
particles into SAN were investigated. ZnO-C nano-particles, with an average diameter 
of 10 nm, were added into the SAN (VLN) matrix up to a volume fraction of 1.25%. 
The matrix material contained 24% acrylonitrile, as described in Chapter 4. The ZnO-C 
nano-particles were surface modified with a silane prior to blending with VLN. 
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This chapter describes results from the investigation into the morphology and 
mechanical properties of ZnO-C nano-modified VLN composites. It follows the same 
basic structure employed in Chapters 4 and 5. Atomic force microscopy (AFM) and 
transmission electron microscopy (TEM) were carried out to investigate the 
microstructures. The glass transition temperature, gT , was measured by dynamic 
mechanical thermal analysis (DMTA) and differential scanning calorimetry (DSC). The 
quasi-static mechanical properties at 23 °C and 80 °C were obtained by tensile, 
compressive and fracture tests. Finally, the fracture surfaces were studied via scanning 
electron microscopy (SEM) to investigate the fracture mechanisms presented. 
 
6.2  Microstructure 
 
6.2.1  VLN  
 
The transmission electron microscopy (TEM) studies were carried out by BASF SE. 
Sections with a thickness of approximately 90 nm were cut in a ‘cryo-ultramicrotome’ 
machine at room temperature and imaged using a transmission electron microscope. The 
appearance of the unmodified VLN matrix via TEM (Figure 6.1) was very similar to 
that observed via AFM (Figure 4.1). Figure 6.1 shows that the smooth surface of 
unmodified VLN prepared via microtoming was featureless. 
 
 
Figure 6.1: TEM image showing the morphology of SAN-24-0 (Courtesy of BASF). 
1 μm 
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6.2.2  ZnO-C Nano-modifed VLN  
 
Four formulations of the ZnO-C nano-modified VLN composite, with particle volume 
contents of 0.10%, 0.27%, 0.63%, and 1.25% were investigated. The AFM images 
shown in Figure 6.2 depict the microstructures of SAN-24-0.10 C (S) (SAN containing 
24 wt.% acrylonitrile and 0.10 vol.% ZnO-C nano-particles which were surface 
modified with silane) and SAN-24-0.27 C (S). With the addition of 0.10 vol.% and 0.27 
vol.% ZnO-C particles, some of the nano-particles clustered into agglomerates of two to 
five particles as circled in Figure 6.2. However, these agglomerates were themselves 
well dispersed throughout the VLN matrix. 
 
   
   
    
Figure 6.2: AFM images showing the microstructures of SAN-24-0.10 C (S) ((a) 
and (b)) and SAN-24-0.27 C (S) ((c) and (d)). Circles indicate ZnO-C agglomerates. 
(a) (b) 
(c) (d) 
2 μm 
 
2 μm 
 
500 nm 
 
500 nm 
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Figure 6.3 shows the AFM images taken of the SAN-24-0.63 C (S) and SAN-24-1.25 C 
(S) composites. With the addition of 0.63 vol.% ZnO-C nano-particles, the dispersion 
was relatively poor. Some agglomerates as large as 120 nm were observed in SAN-24-
0.63 C (S), as circled in Figure 6.3 (a) and (b). When the nano-content increased to 1.25 
vol.%, the dispersion had become poorer still. It was almost impossible to detect the 
individual nano-particles, and most of the nano-particles had agglomerated. Figure 6.3 
(d) shows that agglomerates as large as 200 nm were observed in SAN-24-1.25 C (S). 
Figure 6.4 shows the microstructures of SAN-24-0.27 C (S) and SAN-24-1.25 C (S) 
obtained by using TEM. The observations were very similar to those in Figures 6.2 and 
6.3. Some of the ZnO-C agglomerates have been circled in Figure 6.4 (b) and (d). 
 
   
   
Figure 6.3: AFM images showing the microstructures of SAN-24-0.63 C (S) ((a) 
and (b)) and SAN-24-1.25 C (S) ((c) and (d)). Circles indicate ZnO-C agglomerates. 
(a) (b) 
(c) (d) 
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Figure 6.4: TEM images of SAN-24-0.27 C (S) ((a) and (b)) and SAN-24-1.25 C (S) 
((c) and (d)) (Courtesy of BASF). Circles indicate some ZnO-C agglomerates. 
 
The AFM and TEM investigation revealed that the unmodified VLN matrix possessed 
no features. Nano-particles could be added uniformly up to a volume content of 0.27%, 
but above that the nano-particles tended to form agglomerates in the matrix. 
 
6.3  Thermal Analysis 
 
This section describes the investigation into the thermal behaviour of neat VLN and its 
ZnO-C nano-modified composites. Dynamic mechanical thermal analysis (DMTA) and 
differential scanning calorimetry (DSC) were carried out to investigate whether the 
nano-particles would affect the structure of the matrix, as might be indicated by a shift 
(a) (b) 
(c) (d) 
1 μm 
1 μm 
1 μm 
1 μm 
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in the glass transition temperature, gT . Table 6.1 summarises the results obtained by 
using DMTA and DSC. The gT  of unmodified VLN was measured to be 116 ± 2 °C via 
DMTA at 1 Hz and 105 °C via DSC, as described in Chapter 4. Similarly, the addition 
of ZnO-C nano-particles up to 1.25 vol.% did not have any effect on the glass transition 
temperatures of the nano-modified VLN composites. Thus, it is concluded that the ZnO-
C nano-particles added may not have changed the structure of the VLN matrix. 
 
6.4  Mechanical Behaviour at 23 °C 
 
This section describes the results of an investigation into the mechanical behaviour of 
the ZnO-C modified VLN composites at 23 °C. Tensile, compressive, and fracture tests 
were performed in order to determine the mechanical properties of VLN composites 
with increasing ZnO-C nano-content. The Young’s modulus, E , compressive yield 
stress, cyσ , fracture toughness, IcK , and fracture energy, IcG , were obtained. These 
results are now presented.  
 
6.4.1  Results of the Tensile Testing of VLN 
 
Figure 6.5 shows the tensile stress-strain curves of the unmodified and ZnO-C nano-
modified VLN composites tested at 23 °C. All materials tested in tension failed in a 
brittle manner and no obvious plastic deformation was observed. With the addition of 
ZnO-C nano-particles, the VLN composites fractured at a lower stress than the 
unmodified VLN matrix.  
 
Table 6.1: The Tg of unmodified and ZnO-C nano-modified VLN composites 
measured using DMTA and DSC. 
Polymer Formulation 
Nano- 
content 
(wt.%) 
Nano- 
content 
(vol.%) 
gT  via 
DMTA at 1 
Hz (°C) 
gT  via DSC 
(°C) 
VLN 
SAN-24-0 0.00 0.00 116 ± 2 107 
SAN-24-0.10 C (S) 0.56 0.10 116 ± 0 107 
SAN-24-0.27 C (S) 1.51 0.27 117 ± 2 107 
SAN-24-0.63 C (S) 3.53 0.63 116 ± 1 107 
SAN-24-1.25 C (S) 7.00 1.25 116 ± 1 107 
CHAPTER 6    ZNO-C NANO-MODIFIED SAN (VLN) SYSTEM 
 
175 
0
10
20
30
40
50
60
0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60
Te
ns
ile
 st
re
ss
 (M
Pa
)
Tensile strain (%)
SAN-24-0
SAN-24-0.10 C (S)
SAN-24-0.27 C (S)
SAN-24-0.63 C (S)
SAN-24-1.25 C (S)
 
Figure 6.5: Typical tensile stress versus train curves of unmodified and ZnO-C 
nano-modified VLN composites tested at 23 °C. 
 
Table 6.2: Summary of the Young’s modulus, failure stress and strain of 
unmodified and ZnO-C nano-modified VLN composites tested at 23 °C. 
Formulation 
Nano-particle 
content 
(vol.%) 
Young's 
modulus, E  
(GPa) 
Failure stress, 
fσ  (MPa) 
Failure strain, 
fε  (%) 
SAN-24-0 0.00 3.87 ± 0.05 51 ± 3 1.45 ± 0.11 
SAN-24-0.10 C (S) 0.10 3.85 ± 0.03 48 ± 5 1.35 ± 0.18 
SAN-24-0.27 C (S) 0.27 3.75 ± 0.04 42 ± 2 1.19 ± 0.07 
SAN-24-0.63 C (S) 0.63 3.74 ± 0.07 40 ± 4 1.14 ± 0.13 
SAN-24-1.25 C (S) 1.25 3.77 ± 0.02 41 ± 4 1.16 ± 0.14 
 
The tensile results obtained at 23 °C are summarised in Table 6.2. The E  of unmodified 
VLN was determined in the range of 3.87 ± 0.05 GPa. In Chapters 4 and 5, the modulus 
of the composites was always found to increase with increasing ZnO nano-content, 
which is expected because the ZnO nano-particles have a much higher modulus (~ 140 
GPa [136, 137]) than the unmodified matrix (~ 3.87 GPa). However, the inclusion of 
silane surface modified ZnO-C nano-particles into the VLN had a minimal effect on the 
modulus at 23 °C. With the inclusion of 0.27 vol.% and 1.25 vol.% ZnO-C nano-
particles, the E  values were measured to be 3.75 ± 0.04 GPa and 3.77 ± 0.02 GPa, 
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respectively. This indicates the adhesion between the ZnO-C nano-particles and the 
VLN matrix was poor.  
 
The tensile specimens were found to fracture prior to yield. The failure stress, fσ , and 
failure strain, fε , of unmodified VLN at 23 °C were determined in the range of 51 ± 3 
MPa and 1.45 ± 0.11 %. It was reported in Chapters 4 and 5 that, the ZnO-B nano-
particles had only a marginal effect on the fσ  and fε  of the nano-modified VLN and 
VLP composites at 23 °C. However, with increasing ZnO-C nano-content, the fσ  and 
fε  of the nano-modified VLN composites decreased gradually. They were measured to 
be 42 ± 1 MPa and 1.19 ± 0.07 % with the addition of 0.27 vol.% ZnO-C particles, and 
further decreased to 41 ± 4 MPa and 1.16 ± 0.14 % when the nano-content increased to 
1.25 vol.%. The decrease in fσ  and fε  are probably caused by the tendency of the 
ZnO-C nano-particles to form agglomerates (Figures 6.2 - 6.4), which can then act as 
stress concentration sites during tensile loading. This is going to be discussed further in 
Chapter 9. 
 
6.4.2  Results of the Compressive Testing of VLN 
 
In order to determine the yield behaviour, compressive tests were carried out at 23 °C. 
Figure 6.6 shows the typical compressive true stress versus true strain curves of 
unmodified and ZnO-C nano-modified VLN composites tested at 23 °C. The specimens 
have now definitely yielded, and the roof yield behaviour is also shown in Figure 6.6. 
With the addition of up to 1.25 vol.% ZnO-C nano-particles, the compressive stress-
strain curves of the VLN composites showed a similar trend. 
 
The results are summarised in Table 6.3. The compressive modulus, cE , of unmodified 
VLN was measured to be 3.85 ± 0.09 GPa, which was consistent with that, 3.79 ± 0.05 
GPa, obtained in the tensile test. There was only a marginal effect on the cE  for the 
ZnO-C nano-modified VLN composites and the cE  was determined to be in the range 
of 3.98 ± 0.10 GPa regardless of the nano-content. Similar results were also observed in 
tensile testing of the ZnO-C nano-modified VLN composites at 23 °C.  
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Figure 6.6: Compressive true stress versus true strain curves of unmodified and 
ZnO-C nano-modified VLN composites tested at 23 °C. 
 
Table 6.3: Summary of the compressive properties of unmodified and ZnO-C 
nano-modified VLN composites tested at 23 °C. 
Formulation 
Nano-
particle 
content 
(vol.%) 
Compressive 
modulus, cE  
 (GPa) 
Compressive 
yield stress , 
cyσ  (MPa) 
Compressive 
yield strain, 
cyε  (%) 
SAN-24-0 0.00 3.85 ± 0.09 125 ± 1 5.69 ± 0.25 
SAN-24-0.10 C (S) 0.10 3.97 ± 0.07 127 ± 1 5.89 ± 0.07 
SAN-24-0.27 C (S) 0.27 3.99 ± 0.06 127 ± 2 5.88 ± 0.12 
SAN-24-0.63 C (S) 0.63 3.99 ± 0.10 129 ± 1 5.90 ± 0.13 
SAN-24-1.25 C (S) 1.25 3.98 ± 0.14 128 ± 2 5.95 ± 0.15 
 
The compressive yield stress, cyσ , and yield strain, cyε , of unmodified VLN were 
determined in the range of 125 ± 1 MPa and 5.69 ± 0.25 %. Similarly, with the addition 
of ZnO-C up to 1.25 vol.%, there had only been a marginal effect on the cyσ  and cyε  of 
the nano-modified VLN composites. The average cyσ  of ZnO-C nano-modified VLN 
composites at 23 °C was measured to be around 127 ± 2 MPa. According to ISO 13586 
[124], the yield stress in tension is approximately 70% of that in compression. Hence, 
the tensile yield stress of the ZnO-C nano-modified VLN composites tested at 23 °C 
was deduced to be approximately 89 MPa.  
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6.4.3  Results of the Fracture Testing of VLN 
 
Fracture tests were performed on single edge notch bending (SENB) specimens to 
measure the fracture toughness, IcK , and fracture energy, IcG , of the ZnO-C nano-
modified VLN composites at 23 °C. Figure 6.7 shows the typical flexural load versus 
displacement curves obtained at 23 °C. It may be seen that with the addition of 0.10 
vol.% ZnO-C particles, the composite fractured at a higher flexural load than that of the 
unmodified matrix, indicating an increase in toughness for the nano-modified 
composite. However, with the inclusion of 0.27 vol.% ZnO-C particles, the composite 
fractured at a similar load to that of the unmodified matrix. With a further increase in 
nano-content, the fracture loads decreased significantly. For VLN composite containing 
1.25 vol.% ZnO-C nano-particles, the fracture load was measured to be about 40 N, 
only approximately half of the unmodified VLN matrix, indicating a dramatic 
embrittlement of the matrix had occurred, as will be confirmed shortly. 
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Figure 6.7: Typical flexural load versus displacement curves of unmodified and 
ZnO-C nano-modified VLN composites tested at 23 °C. 
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Table 6.4: Summary of the fracture properties of unmodified and ZnO-C nano-
modified VLN composites tested at 23 °C. 
Formulation 
Nano-particle 
content  
(vol.%) 
Fracture 
toughness , 
 IcK  (MPa·m
1/2) 
Fracture energy, 
IcG  (J/m
2) 
SAN-24-0 0.00 1.12 ± 0.08 316 ± 12 
SAN-24-0.10 C (S) 0.10 1.31 ± 0.03 401 ± 17 
SAN-24-0.27 C (S) 0.27 1.08 ± 0.06 277 ± 11 
SAN-24-0.63 C (S) 0.63 0.93 ± 0.03          186 ± 8 
SAN-24-1.25 C (S) 1.25 0.66 ± 0.04 117 ± 14 
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Figure 6.8: Fracture toughness and fracture energy versus ZnO-C content of nano-
modified VLN composites tested at 23 °C. 
 
Table 6.4 summarises the fracture results obtained at 23 °C. The IcK  and IcG  of the 
nano-modified VLN composites are plotted with increasing ZnO-C volume fraction in 
Figure 6.8. An average IcK  of 1.12 ± 0.08 MPa·m
1/2 and IcG of 316 ± 12 J/m
2 were 
determined for the unmodified VLN. With the addition of 0.10 vol.% ZnO-C nano-
particles, both IcK  and IcG  increased notably. They were determined in the range of 
1.31 ± 0.03 MPa·m1/2 and 401 ± 17 J/m2, 17% and 27% higher than those of the 
unmodified matrix. However, they were smaller than those of 0.10 vol.% ZnO-B nano-
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modified VLN composite. It was reported in Chapter 4 that, the IcK  and IcG  were 
measured to be 1.40 ± 0.03 MPa·m1/2 and 445 ± 27 J/m2 for SAN-24-0.10 B (T).  
 
The IcK  and IcG  of ZnO-C nano-modified VLN composites decreased significantly 
with further increase in nano-content as shown in Figure 6.8. The dramatic decline was 
caused by the agglomeration of ZnO-C nano-particles. The AFM and TEM images 
shown in Figures 6.3 and 6.4 demonstrate that ZnO-C nano-particle agglomerates as 
large as 120 nm and 200 nm were observed in SAN-24-0.63 C (S) and SAN-24-1.25 C 
(S). As was discussed in Chapters 4 and 5, agglomerates of this size would cause stress 
concentrations and were detrimental to the toughness of the nano-modified VLN 
composites. 
 
6.4.4  Microscopy of the Fracture Surfaces 
 
Scanning electron microscopy (SEM) was undertaken on some of the fracture surfaces 
of the unmodified and ZnO-C nano-modified VLN composites tested at 23 °C to 
investigate the fracture mechanisms responsible for the measured toughness values. The 
pre-cracks were visible in the low magnification images as vertical lines to the far left of 
the micrograph and the direction of crack propagation was from left to right in all 
images. 
 
The SEM images shown in Figure 6.9 depict the fracture surface of unmodified VLN 
polymer tested at 23 °C. These images are very similar to those observed in Figure 4.20. 
The fracture occurred very fast without stable crack propagation, and no large-scale 
plastic deformation was observed after crack initiation (Figure 6.9 (b)). A relatively 
rough fracture surface with obvious crack forking was found in the fast fracture region 
(Figure 6.9 (a)).  
 
With the addition of ZnO-C nano-particles, the fracture surfaces of the nano-modified 
VLN composites in the process zone and the fast fracture region had changed 
dramatically in appearance. Figure 6.10 shows the fracture surface of SAN-24-0.10 C 
(S). Voids as large as 200 nm were observed in the process zone, as pointed in Figure 
6.10 (e), indicating debonding of nano-particles and subsequent void growth of the 
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matrix had occurred. As was observed in Figure 4.21 for the 0.10 vol.% ZnO-B nano-
modified VLN composite, numerous dimples with irregular shapes were also found in 
the process zone of the ZnO-C modified VLN composite. The nano-particles added 
initiated multiple crazing, which resulted in large scale ductile drawing and fibrillation 
of the matrix, as circled in Figure 6.10 (e). The plastic void growth and fibril 
deformation stabilized the crack propagation and contributed to the increase in fracture 
toughness. The SENB results show that, with the addition of 0.10 vol.% ZnO-C nano-
particles, the fracture toughness and fracture energy were increased by 17% and 27%, 
respectively.  
 
Figure 6.11 shows the fracture surface of SAN-24-1.25 C (S) tested at 23 °C. With 
increasing nano-content, the fibrillation of the matrix and the size of dimples became 
much smaller in the process zone. The crack forking density shown in Figure 6.11 (a) 
was also much lower than that of the unmodified matrix and SAN-24-0.10 C (S) in the 
fast fracture region. All of these indicate the decrease in toughness with high volume 
content of ZnO-C nano-particles. The poor adhesion between the nano-particles and the 
matrix and the stress concentrations caused by the nano-particle agglomerates were 
responsible for the decrease in toughness. The poor adhesion led to debonding occurred 
at low stress levels and the nano-particle agglomerates served as crack precursors in the 
process zone. The voids easily nucleated within the matrix and then coalesced to form 
large sized cavities, which stopped the fibril deforming extensively and caused the 
material to fail prematurely.  
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Figure 6.9: SEM images of SAN-24-0 tested at 23 °C, showing (a) the pre-crack, 
the process and the fast fracture regions and (b) a higher magnification of the 
process zone (Crack propagation was from left to right). 
(b) 
Pre-crack 
(a) 
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Figure 6.10: SEM images of SAN-24-0.10 C (S) tested at 23 °C, showing (a) the 
whole fracture surface and (b)-(e) higher magnification of the process zone 
(Arrows pointed to selected voids and circles indicated fibrillation of the matrix). 
(a) (b) 
(c) (d) 
(e) 
Pre-crack 
   Process  
Fast fracture  
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Figure 6.11: SEM images of SAN-24-1.25 C (S) tested at 23 °C, showing (a) the 
pre-crack, the process and the fast fracture regions and (b)-(e) higher 
magnification of the process zone (Circles indicated fibrillation of the matrix). 
(a) (b) 
(c) (d) 
(e) 
Pre-crack 
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6.5  Mechanical Behaviour at 80 °C  
 
To investigate the influence of nano-particles in a matrix with greater polymer mobility, 
the tests were repeated at 80 °C. The Young’s modulus, compressive modulus, 
compressive yield stress, fracture toughness, and fracture energy of the nano-modified 
VLN composites were obtained via tensile, compressive and fracture tests. The fracture 
surfaces were also investigated by SEM to indentify the fracture mechanisms presented. 
 
6.5.1  Results of the Tensile Testing of VLN 
 
Figure 6.12 shows typical tensile stress versus strain curves of unmodified and ZnO-C 
nano-modified VLN composites tested at 80 °C. Comparing the stress-strain curves in 
Figure 6.5, it was found that the ZnO-C nano-modified composites fractured at a lower 
stress and strain at 80 °C than at 23 °C. Figure 6.12 also demonstrates that the nano-
modified VLN composites still failed in a brittle manner and no obvious plastic 
deformation was observed at 80 °C. Therefore, compressive tests were also carried out 
to determine the yield properties of ZnO-C modified VLN composites at 80 °C. 
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Figure 6.12: Typical tensile stress-strain curves for the unmodified and ZnO-C 
nano-modified VLN composites tested at 80 °C. 
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Table 6.5: Tensile properties of unmodified and ZnO-C nano-modified VLN 
composites tested at 80 °C. 
Formulation 
Nano-particle 
content 
(vol.%) 
Young's 
modulus, E  
(GPa) 
Failure stress, 
fσ  (MPa) 
Failure strain, 
fε  (%) 
SAN-24-0 0.00 3.19 ± 0.03 29 ± 5 0.94 ± 0.18 
SAN-24-0.10 C (S) 0.10 3.22 ± 0.04 27 ± 3 0.90 ± 0.09 
SAN-24-0.27 C (S) 0.27 3.30 ± 0.04 28 ± 3 0.93 ± 0.12 
SAN-24-0.63 C (S) 0.63 3.22 ± 0.03 28 ± 1 0.95 ± 0.06 
SAN-24-1.25 C (S) 1.25 3.12 ± 0.04 22 ± 2 0.74 ± 0.06 
 
Table 6.5 summarises the tensile results obtained at 80 °C. A tensile modulus of 3.19 ± 
0.03 GPa was measured for the unmodified VLN at 80 °C, reduced by 18% when 
compared with the modulus at 23 °C. This is expected, because polymers tend to have a 
lower modulus at higher temperatures due to the increased molecular mobility. 
Interestingly, the ZnO-C nano-particles did not increase the E  of the nano-modified 
VLN composites as observed for the ZnO-B nano-modified composites in Chapter 4. 
With the addition of ZnO-C nano-particles up to 0.63 vol.%, there was only a marginal 
effect on the modulus, and it was measured to be around 3.25 ± 0.03 GPa. When the 
nano-content increased to 1.25 vol.%, the E  declined somewhat to 3.12 ± 0.04 GPa. 
The failure stress and strain showed a similar trend as that of the modulus with the 
addition of ZnO-C nano-particles. It may be concluded that the ZnO-C nano-particles 
did not increase the Young’s modulus, failure stress and strain of the VLN composites 
at 23 °C or 80 °C, because of the poor adhesion between the nano-particles and the 
matrix.  
 
6.5.2  Results of the Compressive Testing of VLN 
 
Compressive tests were carried out to determine the yield stress of ZnO-C nano-
modified VLN composites at 80 °C. The test procedure was described in Chapter 3. 
Figure 6.13 shows the compressive true stress versus true strain curves of the 
unmodified and nano-modified VLN composites tested at 80 °C. The VLN polymers 
yielded at a lower stress (~ 80 MPa) and strain (~ 3.5%) at 80 °C than those at 23 °C 
(Figure 6.6). The compressive true stress versus true strain curves of the nano-modified 
VLN composites tested at 80 °C also showed a similar trend.  
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The compressive results obtained at 80 °C are summarised in Table 6.6. As was 
observed at 23 °C, the included ZnO-C nano-particles also had only a marginal effect on 
the compressive modulus, yield stress and strain of the nano-modified VLN composites 
at 80 °C. The cyσ  at 80 °C was measured to be around 81 GPa for the ZnO-C nano-
modified VLN composites up to 1.25 vol.%, and the yσ was deduced to be 
approximately 57 MPa according to ISO 13586 [124]. 
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Figure 6.13: Compressive true stress versus true strain curves of the unmodified 
and ZnO-C nano-modified VLN composites tested at 80 °C. 
 
Table 6.6: Summary of the compressive properties of unmodified and ZnO-C 
nano-modified VLN composites tested at 80 °C. 
Formulation 
Nano-
particle 
content 
(vol.%) 
Compressive 
modulus, cE  
 (GPa) 
Compressive 
yield stress , 
cyσ  (MPa) 
Compressive 
yield strain, 
cyε  (%) 
SAN-24-0 0.00 3.26 ± 0.02 83 ± 2 3.61 ± 0.18 
SAN-24-0.10 C (S) 0.10 3.20 ± 0.05 81 ± 2 3.44 ± 0.21 
SAN-24-0.27 C (S) 0.27 3.27 ± 0.08 81 ± 2 3.48 ± 0.16 
SAN-24-0.63 C (S) 0.63 3.26 ± 0.10 81 ± 2 3.50 ± 0.19 
SAN-24-1.25 C (S) 1.25 3.16 ± 0.12 80 ± 1 3.38 ± 0.19 
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6.5.3  Results of the Fracture Testing of VLN 
 
Fracture tests were carried out in order to determine the fracture toughness and fracture 
energy of the unmodified and ZnO-C nano-modified VLN composites at 80 °C. The 
fracture test results obtained at 80 ºC are summarised in Table 6.7. Figures 6.14 and 
6.15 plot the IcK  and IcG  of the nano-modified VLN composites with increasing ZnO-
C content at 23 ºC and 80 ºC. An average IcK  of 0.89 ± 0.06 MPa·m
1/2 and IcG  of 217 ± 
17 J/m2 were determined for the unmodified VLN at 80 ºC. With the initial addition of 
0.10 vol.% ZnO-C nano-particles, both IcK  and IcG  increased somewhat. They were 
measured to be 0.92 ± 0.02 MPa·m1/2 and 233 ± 12 J/m2 at 80 ºC.  
 
With further increase in nano-content, the IcK  and IcG  of the ZnO-C nano-modified 
VLN composites decreased dramatically. They were measured to be 0.62 ± 0.04 
MPa·m1/2 and 118 ± 12 J/m2 for SAN-24-0.63 C (S), 30% and 46% smaller than those of 
the unmodified VLN matrix. They further declined to 0.53 ± 0.01 MPa·m1/2 and 90 ± 4 
J/m2, when the nano-content increased to 1.25 vol.%. Similar result was also observed 
for the ZnO-C nano-modified VLN composite tested at 23 ºC (Figures 6.14 and 6.15). 
As was discussed in section 6.4.3, the decline in toughness with the inclusion of ZnO-C 
nano-particles at relatively high volume contents was caused by poor adhesion between 
the nano-particles and the matrix and the agglomeration of nano-particles. More 
discussion will be presented in Chapter 9. 
 
Table 6.7: Summary of the fracture properties of unmodified and ZnO-C nano-
modified VLN composites at 80 °C. 
Formulation 
Nano-particle 
content  
(vol.%) 
Fracture 
toughness , 
 IcK  (MPa·m
1/2) 
Fracture energy, 
IcG  (J/m
2) 
SAN-24-0 0.00 0.89 ± 0.06 217 ± 17 
SAN-24-0.10 C (S) 0.10 0.92 ± 0.02 233 ± 12 
SAN-24-0.27 C (S) 0.27 0.90 ± 0.02 228 ± 13 
SAN-24-0.63 C (S) 0.63 0.62 ± 0.04 118 ± 12 
SAN-24-1.25 C (S) 1.25 0.53 ± 0.01 90 ± 4 
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Figure 6.14: Fracture toughness of ZnO-C nano-modified VLN composites at 23 
°C and 80 °C. 
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Figure 6.15: Fracture energy of ZnO-C nano-modified VLN composites at 23 °C 
and 80 °C. 
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6.5.4  Microscopy of the Fracture Surfaces  
 
Scanning electron microscopy (SEM) was also performed on the fracture surfaces of 
unmodified and ZnO-C nano-modified VLN composites tested at 80 ºC. The SEM 
images shown in Figure 6.16 depict the fracture surface of unmodified VLN tested at 80 
ºC. As was observed in Chapter 4, the fracture surface in the process zone of the 
unmodified VLN matrix tested at 80 ºC was very flat and featureless. A relatively rough 
fracture surface with crack forking was found in the fast fracture region. However, the 
crack forking density was much lower and the fracture surface was much smoother than 
that tested at 23 ºC, as shown in Figure 6.9. This was expected, since the unmodified 
VLN has a lower toughness at 80 ºC than at 23 ºC.  
 
Figure 6.17 shows the fracture surface of SAN-24-0.10 C (S) tested at 80 ºC. Numerous 
voids of size in the range from 100 nm to 200 nm were observed in the process zone of 
the nano-modified VLN composites. The debonding of the nano-particles and the 
subsequent void growth of the matrix, resulted in energy dissipation and contributed to 
the initial increase in toughness of nano-modified VLN composites. The crack forking 
density in the fast fracture region was also higher than that of the unmodified matrix.  
 
With a further increase in nano-content, the appearance of the fracture surfaces changed 
significantly. The micrographs in Figure 6.18 depict the fracture surfaces of VLN 
composite containing 1.25 vol.% ZnO-C nano-particles tested at 80 ºC. The low 
magnification SEM image in Figure 6.18 (a) shows that the fracture surface was very 
flat in the process and the fast fracture regions, which indicates that the VLN composite 
was embrittled by relatively high volume content of ZnO-C nano-particles. The SENB 
results demonstrate that the fracture toughness of SAN-24-1.25 C (S) at 80 ºC was 
reduced by 40%. Unlike that which was observed previously, there was little or no 
crack forking in the fast fracture region. The high resolution image in Figure 6.18 (e) is 
very distinct from those at the lower particle volume contents. A large amount of 
dimples were observed in the process zone of the ZnO-C nano-modified VLN 
composites, which are similar to those obtained at 23 ºC (Figure 6.11 (e)). This 
indicates the nano-particles also initiated some crazing of the matrix at 80 ºC. The 
decrease in toughness was due to the poor adhesion between the ZnO-C nano-particles 
and the VLN matrix and the nano-particle agglomerates as discussed in section 6.4.4. 
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Figure 6.16: SEM images of SAN-24-0 tested at 80 °C, showing (a) the pre-crack, 
the process and the fast fracture regions and (b) a higher magnification of the 
process zone (Crack propagation was from left to right).   
(b) 
Pre-crack 
(a) 
Fast fracture  
 
Process  
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Figure 6.17: SEM images of SAN-24-0.10C (S) tested at 80 °C, showing (a) the pre-
crack, the process and the fast fracture regions and (b)-(e) higher magnification of 
the process zone (Red arrows point to some cavitations). 
(a) (b) 
(c) (d) 
(e) 
Pre-crack 
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Figure 6.18: SEM images of SAN-24-1.25 C (S) tested at 80 °C, showing (a) the 
pre-crack, the process and the fast fracture regions and (b)-(e) higher 
magnification of the process zone. 
(a) (b) 
(c) (d) 
(e) 
Pre-crack 
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6.6  Chapter Summary 
 
This chapter has described the results of an investigation into the microstructure and the 
resulting thermal and mechanical behaviour of ZnO-C nano-modified VLN composites. 
The ZnO-C particles are spherical, with an average particle diameter of 10 nm. The 
dispersion of the ZnO-C particles in the VLN matrix was assessed by using AFM and 
TEM. The gT  of the unmodified and nano-modified composites was measured via 
DMTA and DSC. Tensile, compressive and fracture tests were carried out at 23 ºC and 
80 ºC. Finally, the fracture surfaces of the specimens were investigated by SEM to 
identify the fracture mechanisms presented. 
 
Microstructure studies showed that ZnO-C nano-particles were not well dispersed in the 
VLN matrix. Nano-particle agglomerates as large as 120 nm and 200 nm were observed 
in SAN-24-0.63 C (S) and SAN-24-1.25 C (S). DMTA and DSC studies showed that 
the addition of ZnO-C up to 1.25 vol.% had only a marginal effect on the gT . 
 
The inclusion of ZnO-C particles also had only a marginal effect on the E  and yσ . The 
E  at 23 ºC and 80 ºC was measured to be about 3.80 GPa and 3.20 GPa, respectively. 
The yσ  at 23 ºC and 80 ºC was determined to be 89 MPa and 57 MPa. With the 
addition of 0.10 vol.% ZnO-C nano-particles, the IcG  at 23 ºC and 80 ºC increased by 
27% and 7%. However, the IcK  and IcG  decreased dramatically with further increase in 
nano-content. The IcG  of SAN-24-1.25 C (S) at 23 ºC and 80 ºC was determined in the 
range of 117 ± 14 J/m2 and 90 ± 4 J/m2, reduced by 63% and 59%, respectively, when 
compared with the unmodified matrix.   
 
The SEM studies showed that crazing occurred for the ZnO-C modified VLN 
composites containing high nano-contents at both 23 ºC and 80 ºC. The debonding of 
the particles and the subsequent void growth of the matrix contributed to the increase in 
toughness with the initial addition of nano-particles. However, the poor adhesion 
between the nano-particles and the matrix, and the nano-particle agglomerates caused 
the particles to debond at a lower stress. The voids coalesced and formed large sized 
cavities, which resulted in premature failure and decreased toughness. 
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CHAPTER 7 
 
 
7 ZNO-C NANO-MODIFIED PMMA 
SYSTEM 
 
7.1  Introduction 
 
This chapter describes the investigation into the materials comprising the polymethyl 
methacrylate (PMMA) matrix and reinforced ZnO nano-particles. The nano-particles 
used in the present chapter are ZnO-C, which are special with an average diameter of 10 
nm. These particles were surface modified with a silane before blending with PMMA in 
order to improve their dispersion in the matrix. 
 
The microstructures of the unmodified and ZnO-C nano-modified PMMA composites 
were investigated by using atomic force microscopy (AFM) and transmission electron 
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microscopy (TEM). The thermal behaviour was studied via dynamic mechanical 
thermal analysis (DMTA) and differential scanning calorimetry (DSC). The quasi-static 
mechanical properties at 23 °C and 80 °C were obtained by tensile, compressive and 
fracture testing. Finally, the fracture surfaces were studied via scanning electron 
microscopy (SEM) to investigate the fracture mechanisms operating. 
 
7.2  Microstructure 
 
7.2.1  PMMA  
 
The AFM micrograph shown in Figure 7.1 was obtained in tapping mode. It depicts the 
microstructure of unmodified PMMA matrix. A flat surface was obtained by 
microtoming samples with a diamond knife at room temperature. The AFM image of 
unmodified PMMA is very similar to that of unmodified SAN (Figures 4.1 and 5.1), 
devoid of any features, which is expected for a homogenous thermoplastic polymer at 
this magnification.  
 
 
Figure 7.1: AFM image showing the microstructure of unmodified PMMA. The 
lines are knife marks from the microtoming process. 
 
 
 
 
1 μm 
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7.2.2  ZnO-C Nano-modifed PMMA  
 
Figures 7.2 - 7.5 show the TEM and AFM images of ZnO-C nano-modified PMMA 
composites containing different volume fractions. Figure 7.2 shows TEM and AFM 
images of the PMMA composite containing 0.10 vol.% of ZnO-C particles (PMMA-
0.10 C (S)). The (S) indicates that these particles were surface modified with a silane. 
The nano-particle was observed to be well distributed throughout the matrix. It is 
noteworthy that the TEM slice analysed was approximately 90 nm thick, hence the 
apparent volume fraction in the TEM images is higher than the true volume fraction. 
 
   
   
   
Figure 7.2: Microstructure of PMMA-0.10 C (S) ((a) and (b) TEM images 
(Courtesy of BASF) and (c) and (d) AFM phase images). Arrows point to some 
ZnO-C nano-particles. 
(a) (b) 
(c) (d) 
1 μm 
 
500 nm 
 
2 μm 
 
1 μm 
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The TEM and AFM images shown in Figure 7.3 depict the microstructure of PMMA-
0.18 C (S). The nano-particles were again observed to be well dispersed in the matrix. 
However, on close examination it can be seen that some of the nano-particles 
agglomerated in clusters of two or three particles. These small agglomerates were 
themselves well dispersed throughout the matrix.  
 
   
   
Figure 7.3: Microstructure of PMMA-0.18 C (S) ((a) and (b) TEM images 
(Courtesy of BASF) and (c) and (d) AFM phase images). Arrows point to some 
ZnO-C nano-particles. 
 
 
 
 
 
(a) (b) 
(c) (d) 
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CHAPTER 7    ZNO-C NANO-MODIFIED PMMA SYSTEM 
 
199 
Figures 7.4 and 7.5 show the TEM and AFM images of PMMA-0.36 C (S) and PMMA-
0.63 C (S). With the addition of ZnO-C nano-particles up to 0.63 vol.%, the dispersion 
was still relatively good. However, the dispersion was not uniform throughout the 
whole matrix; some nano-particle agglomerates as large as 80 nm were observed in 
Figure 7.4 (d) and Figure 7.5 (d). The number of agglomerates also increased with 
increasing nano-content. Thus, it is concluded that the microstructure of unmodified 
PMMA was featureless, and the nano-particles were relatively well dispersed 
throughout the matrix up to 0.63 vol.%. 
 
   
   
Figure 7.4: Microstructure of PMMA-0.36 C (S) ((a) and (b) TEM images 
(Courtesy of BASF) and (c) and (d) AFM phase images). Arrows point to some 
ZnO-C nano-particles, while the circles indicate nano-particle agglomerates. 
(a) (b) 
(c) (d) 
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Figure 7.5: Microstructure of PMMA-0.63 C (S) ((a) and (b) TEM images 
(Courtesy of BASF) and (c) and (d) AFM phase images). Arrows point to some 
ZnO-C nano-particles, while the circles indicate nano-particle agglomerates. 
 
7.3  Thermal Analysis 
 
The thermal behaviour of unmodified and ZnO-C nano-modified PMMA composites 
was studied using DMTA and DSC. This study was carried out to investigate whether 
the addition of ZnO-C nano-particles altered the mobility of the polymer chains and 
hence affected the glass transition temperature, gT , of the matrix.   
 
(a) (b) 
(c) (d) 
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2 μm 
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7.3.1  Dynamic Mechanical Thermal Analysis (DMTA)  
 
The storage modulus, 'E , the loss factor, tanδ , and the glass transition temperature, 
gT , of unmodified PMMA and the nano-modified composites were obtained via 
DMTA. Figure 7.6 shows typical DMTA traces obtained for PMMA-0.63 C (S) tested 
at 1 Hz and 10 Hz over a temperature range from 40 °C to 140 °C. The gT  was 
determined to be the temperature at which the peak value of tanδ  occurred. It was also 
shown that the 'E  decreased significantly at temperatures above 100 °C.   
 
Table 7.1 summarises the gT  of unmodified and ZnO-C nano-modified PMMA 
composites tested via DMTA. As was observed in previous chapters, with the addition 
of ZnO-C nano-particles up to 0.63 vol.%, there was only a marginal effect on gT . The 
gT  of the nano-modified PMMA composites was measured to be around 118 °C at 1 Hz, 
and 127 °C at 10 Hz.  
 
0.00
0.50
1.00
1.50
2.00
0.00
0.50
1.00
1.50
2.00
2.50
3.00
3.50
0 50 100 150
Lo
ss
 fa
ct
or
, t
an
(δ
) 
St
or
ag
e 
m
od
ul
us
, E
'(
G
Pa
)
Temperature (°C)
Modulus @ 1 Hz
Modulus @ 10 Hz
tan(δ) @ 1 Hz
tan(δ) @ 10 Hz
 
Figure 7.6: DMTA traces of PMMA-0.63 C (S) tested at 1 Hz and 10 Hz. 
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Table 7.1: The Tg of unmodified and ZnO-C nano-modified PMMA composites 
results from DMTA testing at 1 Hz and 10 Hz. 
Formulation 
Nano-particle 
content 
(wt.%) 
Nano-particle 
content 
(vol.%) 
gT  at 1 Hz  
(°C) 
gT  at 10 Hz 
(°C) 
PMMA-0 0.00 0.00 118 ± 1 127 ± 0 
PMMA-0.10 C (S) 0.56 0.10 118 ± 0 126 ± 0 
PMMA-0.18 C (S) 1.00 0.18 117 ± 0 125 ± 1 
PMMA-0.36 C (S) 2.00 0.36 117 ± 1 127 ± 0 
PMMA-0.63 C (S) 3.50 0.63 119 ± 0 127 ± 1 
 
7.3.2  Differential Scanning Calorimetry (DSC)  
 
The gT  of unmodified and ZnO-C nano-modified PMMA composites was also 
measured by DSC testing. Figure 7.7 shows the heat flow versus temperature curves of 
PMMA composite containing 0.63 vol.% ZnO-C nano-particles. It was shown that a 
transition in the heat flow was observed at the temperature of about 95 °C.   
 
 
Figure 7.7: Typical DSC trace showing the heat flow versus temperature of 
PMMA-0.63 C (S). 
 
1st heating cycle 
Cooling cycle 
2nd heating cycle 
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Table 7.2: The Tg of unmodified and ZnO-C nano-modified PMMA composites 
measured using DSC. 
Formulation Nano-particle content (wt.%) 
Nano-particle 
content (vol.%) g
T   (°C) 
PMMA-0 0.00 0.00 96 
PMMA-0.10 C (S) 0.56 0.10 95 
PMMA-0.18 C (S) 1.00 0.18 95 
PMMA-0.36 C (S) 2.00 0.36 95 
PMMA-0.63 C (S) 3.50 0.63 95 
 
Table 7.2 summarises the values of gT  measured using DSC. The gT  of unmodified 
PMMA was measured to be 96 °C, which was about 22 °C lower than that obtained via 
DMTA. It was reported in Chapters 4 and 5 that DMTA always gave higher measured 
gT  values than DSC. Similarly, the inclusion of ZnO-C nano-particles up to 0.63 vol.% 
did not have any effect on the gT  of the nano-modified PMMA composites measured 
using DSC. The gT  of the nano-modified PMMA composites was determined to be 
about 95 °C.  
 
7.4  Mechanical Behaviour at 23 °C 
 
This section describes the results of an investigation into the mechanical behaviour of 
unmodified and ZnO-C nano-modified PMMA composites at 23 °C. Tensile, 
compressive and fracture tests were carried out in order to determine the mechanical 
properties of the nano-modified PMMA composites with increasing ZnO-C content. 
The values of Young’s modulus, yield stress, fracture toughness and fracture energy 
were obtained. Finally, the fracture surfaces of the single edge notch bending (SENB) 
specimens were studied via SEM to identify the fracture mechanisms operating. 
 
7.4.1  Results of the Tensile Testing of PMMA 
 
Figure 7.8 shows typical tensile stress versus strain curves of the unmodified and ZnO-
C nano-modified PMMA composites tested at 23 ºC. The graph demonstrates that all 
materials failed in a brittle manner and hence the yield stress could not be obtained via 
tensile tests. However, some plastic deformation was observed after the elastic region. 
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The PMMA specimens fractured at a strain of about 3.0%, i.e. higher than measured for 
VLN, where the fracture strains were around 1.5% and also higher than for VLP, where 
the failure strains were around 2.2%. This indicates that PMMA is a more ductile 
polymer than VLN and VLP.  
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Figure 7.8: Typical stress-strain curves of the unmodified and ZnO-C nano-
modified PMMA composites tested at 23 °C. 
 
Table 7.3: Summary of the Young’s modulus, failure stress and failure strain of 
unmodified and ZnO-C nano-modified PMMA composites tested at 23 °C. 
Formulation 
Nano-particle 
content 
(vol.%) 
Young's 
modulus, E  
(GPa) 
Failure stress, 
fσ  (MPa) 
Failure strain, 
fε  (%) 
PMMA-0 0.00 3.35 ± 0.05 64 ± 3 3.21 ± 0.42 
PMMA-0.10 C (S) 0.10 3.40 ± 0.03 66 ± 4 3.15 ± 0.14 
PMMA-0.18 C (S) 0.18 3.42 ± 0.03 64 ± 2 2.95 ± 0.31 
PMMA-0.36 C (S) 0.36 3.42 ± 0.02 63 ± 1 2.75 ± 0.10 
PMMA-0.63 C (S) 0.63 3.46 ± 0.03 62 ± 2 2.69 ± 0.13 
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The tensile results obtained at 23 ºC are summarised in Table 7.3. The E  of unmodified 
PMMA was determined in the range of 3.35 ± 0.05 GPa. As was observed in Chapter 6, 
the inclusion of low concentrations of ZnO-C nano-particles did not increase the E  of 
PMMA composites significantly. With the inclusion of 0.36 vol.% and 0.63 vol.% ZnO-
C nano-particles, the modulus was measured to be 3.42 ± 0.03 GPa and 3.46 ± 0.03 
GPa, respectively.  
 
The failure stress and strain of unmodified PMMA were measured to be 64 ± 3 MPa and 
3.21 ± 0.42 %. The inclusion of ZnO-C particles up to 0.63 vol.% also had only a 
marginal effect on the failure stress and strain of the nano-modified PMMA composites. 
They were measured to be around 64 MPa and 3%, respectively, regardless of the nano-
content.  
 
7.4.2  Results of the Compressive Testing of PMMA 
 
Compressive tests were also carried out to identify the yield properties at 23 ºC, since 
testing these materials in tension led to fracture prior to yielding. Figure 7.9 shows the 
typical compressive true stress versus true stain curves for the unmodified and ZnO-C 
nano-modified PMMA composites tested at 23 ºC. The significant strain softening 
observed in the SAN polymer (Figures 4.14 and 5.8) was not repeated for the PMMA. 
With the addition of up to 0.63 vol.% ZnO-C nano-particles, the compressive stress-
strain curves of the PMMA composites showed similar trend, as was observed for the 
ZnO-C nano-modified VLN composites (Figure 6.6).  
 
Table 7.4 summarises the compressive results obtained at 23 °C. The compressive 
modulus of unmodified PMMA was determined in the range of 3.40 ± 0.20 GPa, which 
was in good agreement with the value of 3.35 ± 0.05 GPa, obtained in tensile test. The 
inclusion of ZnO-C nano-particles up to 0.63 vol.% also did not increase the 
compressive modulus of the PMMA composites.  
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Figure 7.9: Compressive true stress versus true strain curves of unmodified and 
ZnO-C nano-modified PMMA composites tested at 23 °C. 
 
Table 7.4: Summary of the compressive properties of unmodified and ZnO-C 
nano-modified PMMA composites tested at 23 °C. 
Formulation 
Nano-
particle 
content 
(vol.%) 
Compressive 
modulus, cE  
 (GPa) 
Compressive 
yield stress , 
cyσ  (MPa) 
Compressive 
yield strain, 
cyε  (%) 
PMMA-0 0.00 3.40 ± 0.20 120 ± 3 9.10 ± 0.45 
PMMA-0.10 C (S) 0.10 3.30 ± 0.19 119 ± 1 8.99 ± 0.70 
PMMA-0.18 C (S) 0.18 3.42 ± 0.05 118 ± 0 8.40 ± 0.31 
PMMA-0.36 C (S) 0.36 3.42 ± 0.09 119 ± 0 8.23 ± 0.25 
PMMA-0.63 C (S) 0.63 3.41 ± 0.11 117 ± 1 8.63 ± 0.34 
 
The compressive yield stress, cyσ , and yield strain, cyσ , of unmodified PMMA were 
determined in the range of 120 ± 3 MPa and 9.10 ± 0.45 %. The PMMA yielded at a 
higher strain than the SAN (VLN and VLP) (approximately 6%). The inclusion of ZnO-
C nano-particles had only a marginal effect on the cyσ  of the nano-modified PMMA 
composites. The cyσ  was measured to be around 119 MPa and the tensile yield stress 
was deduced to be about 83 MPa according to ISO 13586 [124]. 
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7.4.3  Results of the Fracture Testing of PMMA 
 
Figure 7.10 shows the typical flexural load versus displacement curves of unmodified 
and ZnO-C nano-modified PMMA composites tested at 23 °C. It has been observed in 
Figure 4.17 that the crack propagated very quickly after the maximum loads were 
reached for the SAN polymers. However, cracks grew steadily in the PMMA 
composites, indicating PMMA is more ductile than SAN. With the inclusion of ZnO-C 
particles, the composites fractured at lower flexural loads than that of the unmodified 
matrix, indicating a decrease in toughness for the nano-modified PMMA composites 
with increasing nano-particle content. 
 
Table 7.5 summarises the fracture results obtained at 23 °C. The IcK  and IcG  are also 
plotted with increasing nano-content in Figure 7.11. An average IcK  of 1.10 ± 0.03 
MPa·m1/2 and IcG  of 323 ± 7 J/m
2 were determined for the unmodified PMMA matrix, 
which showed good consistency with those observed by Dear [145].  
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Figure 7.10: Typical flexural load versus displacement curves of unmodified and 
ZnO-C nano-modified PMMA composites tested at 23 °C. 
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Table 7.5: Summary of the fracture properties of unmodified and ZnO-C nano-
modified PMMA composites tested at 23 °C. 
Formulation 
Nano-particle 
content  
(vol.%) 
Fracture 
toughness , 
 IcK  (MPa·m
1/2) 
Fracture energy, 
IcG  (J/m
2) 
PMMA-0 0.00 1.10 ± 0.03 323 ± 7 
PMMA-0.10 C (S) 0.10 0.96 ± 0.03 248 ± 22 
PMMA-0.18 C (S) 0.18 1.02 ± 0.03 264 ± 28 
PMMA-0.36 C (S) 0.36 0.91 ± 0.06 220 ± 28 
PMMA-0.63 C (S) 0.63 0.86 ± 0.01 195 ± 6 
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Figure 7.11: Fracture toughness and fracture energy versus ZnO-C content of the 
nano-modified PMMA composites tested at 23 °C. 
 
With the inclusion of ZnO-C nano-particles, the IcK  and IcG  of PMMA composites 
decreased gradually. With the addition of 0.36 vol.% ZnO-C nano-particles, they were 
measured to be 0.91 ± 0.06 MPa·m1/2 and 220 ± 28 J/m2, which were 17% and 32% 
smaller than those of the unmodified matrix. They further declined to 0.86 ± 0.01 
MPa·m1/2 and 195 ± 6 J/m2, when the nano-content reached 0.63 vol.%. The decrease in 
toughness was due to the voids coalescence in the matrix which resulted in premature 
failure. Further discussion will be presented in Chapter 9.   
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7.4.4  Microscopy of the Fracture Surfaces 
 
Scanning electron microscopy (SEM) was carried on some of the fracture surfaces of 
the unmodified and ZnO-C nano-modified PMMA composites tested at 23 °C to 
identify the fracture mechanisms operating. The pre-cracks were visible in the low 
magnification images as vertical lines to the far left of the micrographs and the direction 
of crack propagation was from left to right in all images. 
 
The microstructures in Figure 7.12 show the fracture surface of the unmodified PMMA 
polymer tested at 23°C. The fracture surface appeared relatively smooth at low 
magnification (Figure 7.12 (a)), however numerous conic markings were observed at 
high magnification (Figure 7.12 (b)-(e)). These conic markings are commonly found on 
the fracture surfaces of PMMA [140, 146]. The conic-shaped pattern can be interpreted 
as the intersection of the propagating planar crack front and the growing circular craze 
or secondary crack front [144, 146]. Inhomogeneities in the material, such as air bubbles 
or structural discontinuities, cause stress concentrations in the matrix. These can then 
give rise to the circular crazes or secondary fractures, and can sometimes be observed 
within the conic, as pointed in Figure 7.12 (e). The crack propagated in a stable manner, 
and no crack forking was observed in the fracture surface.   
 
Figures 7.13 and 7.14 show the SEM images taken of the fracture surfaces of PMMA-
0.10 C (S) and PMMA-0.63 C (S) tested at 23 °C. With the inclusion of ZnO-C nano-
particles, significant changes were observed in the appearance of the fracture surfaces at 
high magnification. The density of the conic markings increased significantly with the 
addition of nano-particles. Numerous voids with the size range of 100 nm to 200 nm 
were observed in the process zones of the nano-modified PMMA composites, as circled 
in Figure 7.13 (d). The increased density of conic markings observed and voids were 
caused by the ZnO-C nano-particles. With further increase in nano-content to 0.63 
vol.%, the boundaries of conic markings became less distinct, and the shape of the conic 
markings became smaller (Figure 7.14 (d)), when compared with those of PMMA-0.10 
C (S). ZnO-C nano-particle agglomerates as large as 80 nm were observed in PMMA-
0.36 C (S) and PMMA-0.63 C (S). These agglomerates resulted in increased stress 
concentrations, which were detrimental to the toughness of the material.  
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Figure 7.12: SEM images of PMMA-0 tested at 23 °C, showing (a) the pre-crack 
and the process zones and (b)-(e) higher magnification of the process zone (Arrows 
point to some inhomogeneities causing the conic markings). 
(a) (b) 
(c) (d) 
(e) 
Pre-crack 
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Figure 7.13: SEM images of PMMA-0.10 C (S) tested at 23 °C, showing (a) the pre-
crack and the process zones and (b)-(e) higher magnification of the process zone 
(Some voids are indicated with red circles). 
(a) (b) 
(c) (d) 
(e) 
Pre-crack 
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Figure 7.14: SEM images of PMMA-0.63 C (S) tested at 23 °C, showing (a) the pre-
crack and the process zones and (b)-(e) higher magnification of the process zone 
(Some voids are indicated with red circles). 
(a) (b) 
(c) (d) 
(e) 
Pre-crack 
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7.5  Mechanical Behaviour at 80 °C 
 
This section describes the investigation into the mechanical behaviour of ZnO-C nano-
modified PMMA composites at 80 °C. The Young’s modulus, yield stress, fracture 
toughness, and fracture energy of the nano-modified PMMA composites were obtained 
via tensile and fracture tests. The fracture surfaces were also investigated by SEM to 
indentify the fracture mechanisms presented. 
 
7.5.1  Results of the Tensile Testing of PMMA 
 
Tensile tests were carried out on dumbbell specimens to measure the Young’s modulus, 
yield stress and strain of ZnO-C nano-modified PMMA composites at 80 °C. Figure 
7.15 shows the typical tensile stress versus strain curves of unmodified and ZnO-C 
nano-modified PMMA composites tested at 80 °C. It was seen that a yield stress to a 
maximum of 24 MPa was obtained at 80 °C. With the addition of ZnO-C nano-particles, 
the yield stress values increased noticeably.    
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Figure 7.15: Typical tensile stress-strain curves of the unmodified and ZnO-C 
nano-modified PMMA composites tested at 80 °C. 
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Table 7.6: Summary of the Young’s modulus, yield stress and strain of unmodified 
and ZnO-C nano-modified PMMA composites tested at 80 °C. 
Formulation 
Nano-particle 
content 
(vol.%) 
Young's 
modulus, E  
(GPa) 
Yield stress, 
yσ  (MPa) 
Yield strain, 
yε  (%) 
PMMA-0 0.00 1.65 ± 0.04 19 ± 0 2.73 ± 0.35 
PMMA-0.10 C (S) 0.10 1.72 ± 0.09 22 ± 1 2.63 ± 0.35 
PMMA-0.18 C (S) 0.18 1.73 ± 0.03 21 ± 0 2.30 ± 0.03 
PMMA-0.36 C (S) 0.36 1.73 ± 0.03 24 ± 0 2.49 ± 0.09 
PMMA-0.63 C (S) 0.63 1.72 ± 0.07 24 ± 0 2.78 ± 0.37 
 
Table 7.6 summarises the tensile results obtained at 80 °C. A tensile modulus of 1.65 ± 
0.04 GPa was measured for the unmodified PMMA at 80 °C, reduced by 51% when 
compared with the value of 3.35 ± 0.05 GPa at 23 °C. With the initial addition of 0.10 
vol.% ZnO-C nano-particles, the E  increased to 1.72 ± 0.09 GPa. However, with 
further increase of the nano-content up to 0.63 vo.%, there was no further increase in the 
E  of the nano-modified PMMA composites. 
 
The yield stress of unmodified PMMA tested at 80 °C was measured to be 19 MPa, a 
fall of 77% when compared with the value of 83 MPa measured at 23 °C. It was 
reported in section 7.4.2 that the addition of ZnO-C nano-particles had only a marginal 
effect on the compressive yield stress at 23 °C. However, it increased the yield stress of 
the nano-modified PMMA composites remarkably at 80 °C. The addition of 0.63 vol.% 
ZnO-C nano-particles increased the yield stress to 24 ± 0 MPa, 26% higher than the 
unmodified PMMA matrix.  
 
7.5.2  Results of the Fracture Testing of PMMA 
 
Fracture tests were also performed on SENB specimens to determine the fracture 
properties of unmodified and ZnO-C nano-modified PMMA composites at 80 °C. Table 
7.7 summarises the fracture results measured at 80 ºC. The IcK  and IcG  of the ZnO-C 
nano-modified PMMA composites at 23 ºC and 80 ºC are also plotted with increasing 
nano-content in Figures 7.16 and 7.17. The lines are the best fits of the experimental 
data. It is clear to see that the IcK  and IcG  of ZnO-C nano-modified PMMA composites 
declined gradually at 23 ºC and 80 ºC.  
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Figure 7.16: Fracture toughness of ZnO-C nano-modified PMMA composites 
tested at 23 °C and 80 °C. 
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Figure 7.17: Fracture energy of ZnO-C nano-modified PMMA composites tested at 
23 °C and 80 °C. 
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Table 7.7: Summary of fracture properties of unmodified and ZnO-C nano-
modified PMMA composites at 80 °C. 
Formulation Nano-particle content (vol.%) 
Fracture 
toughness , 
 IcK  (MPa·m
1/2) 
Fracture energy, 
IcG  (J/m
2) 
PMMA-0 0.00 0.71 ± 0.02 283 ± 17 
PMMA-0.10 C (S) 0.10 0.67 ± 0.03 232 ± 23 
PMMA-0.18 C (S) 0.18 0.63 ± 0.03 206 ± 19 
PMMA-0.36 C (S) 0.36 0.63 ± 0.02 201 ± 15 
PMMA-0.63 C (S) 0.63 0.60 ± 0.01 182 ± 16 
 
It is noteworthy that there was a more significant decrease in IcK  than in IcG  when 
comparing results at 23 °C and 80 ºC. This is due to the lower E  of PMMA at 80 °C. It 
was reported in section 7.5.1 that the E  of unmodified PMMA at 80 °C was measured 
to be 1.55 ± 0.04 GPa, compared to 3.35 ± 0.05 GPa at 23 °C. With the addition of 0.63 
vol.% ZnO-C nano-particles, the IcK  and IcG  were measured to be 0.60 ± 0.01 
MPa·m1/2 and 182 ± 16 J/m2, respectively, decreased by 15% and 36%, when compared 
with the unmodified matrix at 80 ºC.  
 
7.5.3  Microscopy of the Fracture Surfaces 
 
Scanning electron microscopy (SEM) was also carried on some of the fracture surfaces 
of the unmodified and ZnO-C nano-modified PMMA composites tested at 80 °C to 
identify the fracture mechanisms presented. The direction of crack propagation was 
from left to right in all images. 
 
The microstructures in Figure 7.18 show the fracture surface of the unmodified PMMA 
tested at 80 °C. The crack propagated stably and the fracture surface appeared very 
smooth at low magnification (Figure 7.18 (a)). Some conic markings which were caused 
by the inhomogeneities in the material were observed in the high magnification images 
(Figure 7.18 (b)-(e)). The density of the conic markings in the fracture surfaces, 
however, decreased noticeably from 23 °C to 80 °C.  
 
With the addition of silane surface modified ZnO-C nano-particles to PMMA, the 
appearances of the fracture surfaces were found to change remarkably at high 
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magnifications. Figure 7.19 shows the fracture surface of PMMA-0.63 C (S) tested at 
80 °C. The process zone was still relatively flat at low magnification, as was observed 
for the unmodified PMMA. At high magnification, however, numerous voids and conic 
markings were observed. The nano-particles acted as the inhomogeneities in the 
composite which led to the increase in the number of conic markings. The crazes 
initiated by the voids, then propagated perpendicularly to the direction of maximum 
stress, and resulted in premature failure by subsequent void coalescence within the 
crazes [75]. Meanwhile, the nano-particle agglomerates as observed in Figures 7.4 and 
7.5, caused stress concentrations, which would decrease the toughness further. More 
discussion will be presented in Chapter 9.  
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Figure 7.18: SEM images of PMMA-0 tested at 80 °C, showing (a) the pre-crack 
and the process zones and (b)-(e) higher magnification of the process zone (Arrows 
point to some inhomogeneities causing the conic markings). 
(a) (b) 
(c) (d) 
(e) 
Pre-crack 
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Figure 7.19: SEM images of PMMA-0.63 C (S) tested at 80 °C, showing (a) the pre-
crack and the process zones and (b)-(e) higher magnification of the process zone 
(Some voids are indicated with red circles). 
(a) (b) 
(c) (d) 
(e) 
Pre-crack 
CHAPTER 7    ZNO-C NANO-MODIFIED PMMA SYSTEM 
 
220 
7.6  Chapter Summary 
 
This chapter has described the results of an investigation into the microstructure and the 
thermal and mechanical behaviour of ZnO-C nano-modified PMMA composites. The 
ZnO-C particles were spherical, with an average diameter of 10 nm. The dispersion of 
ZnO-C nano-particles in the PMMA matrix was assessed by using AFM and TEM. The 
glass transition temperatures of unmodified and ZnO-C nano-modified PMMA 
composites were measured via DMTA and DSC. Tensile, compressive and fracture tests 
were carried out at 23 ºC and 80 ºC to determine the mechanical properties. Finally, the 
fracture surfaces of the specimens were investigated by SEM to identify the fracture 
mechanisms presented. 
 
The AFM and TEM studies showed that the nano-particles were relatively well 
dispersed in the PMMA matrix over the volume fraction investigated. Nevertheless, 
nano-particle agglomerates as large as 80 nm can be observed in PMMA-0.63 C (S). 
The addition of ZnO-C particles up to 0.63 vol.% had no significant effect on gT . The 
gT  of unmodified and ZnO-C nano-modified PMMA composites was measured to be 
about 95 ºC by using DSC.  
 
The inclusion of ZnO-C particles had only a marginal effect on the E  and yσ  of the 
nano-modified PMMA composites at 23 ºC. The yσ  at 80 ºC, however, increased from 
19 MPa to 24 MPa. The IcK  and IcG  of the composites declined gradually with 
increasing nano-content. The IcG  of PMMA-0.63 C (S) at 23 ºC and 80 ºC was 
measured to be 195 ± 6 J/m2 and 182 ± 16 J/m2, respectively, which were 40% and 36% 
smaller than those of the unmodified matrix.  
 
The SEM studies indicated that the nano-particles served as stress concentrators, which 
promoted the formation of circular crazes and conic markings in the process zone of the 
fracture surfaces. The voids also acted as preferential sites for crack initiation and 
reduced the surface area, which resulted in premature failure and reduced fracture 
toughness.  These proposed mechanisms will be discussed further in Chapter 9.  
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CHAPTER 8 
 
 
8 ZNO-C NANO-MODIFIED PA 6 
SYSTEM 
 
8.1  Introduction 
 
This chapter describes the investigation into the materials comprising the polyamide 6 
(PA 6) matrix and reinforced ZnO-C nano-particles. The ZnO-C particles are spherical 
with an average diameter of 10 nm, as described in Chapters 6 and 7. These particles 
were surface modified with silane and phosphonate, respectively, before blending with 
PA 6. The microstructure of the ZnO-C nano-modified composites was investigated by 
using transmission electron microscopy (TEM). The quasi-static mechanical properties 
at 23 °C were obtained by tensile and fracture testing. Finally, the fracture surfaces were 
studied via scanning electron microscopy (SEM) to investigate the fracture mechanisms. 
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8.2  Microstructure of ZnO-C Nano-modifed PA 6 
 
Figure 8.1 shows the TEM images of PA 6 composites containing 0.10 vol.% and 0.63 
vol.% ZnO-C nano-particles, which were surface modified with silane (Figure 8.1 (a) 
and (b)) and phosphonate (Figure 8.1 (c) and (d)), respectively. The nano-particles were 
observed to be well distributed throughout the matrix up to 0.63 vol.%. The use of the 
silane versus the phosphonate surface modifiers appeared to make little difference to the 
resulting dispersion. 
 
   
    
Figure 8.1: TEM image showing the microstructures of (a) PA 6-0.10 C (S), (b) PA 
6-0.63 C (S), (c) PA 6-0.10 C (P) and (d) PA 6-0.63 C (P) (Courtesy of BASF). The 
(S) and (P) denote that these particles were surface modified with silane and 
phosphonate, respectively.  
(a) (b) 
(c) (d) 
200 nm 200 nm 
200 nm 200 nm 
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8.3  Mechanical Behaviour at 23 °C 
 
This section describes the results of an investigation into the mechanical behaviour of 
unmodified and ZnO-C nano-modified PA 6 composites at 23 °C. The values of 
Young’s modulus, yield stress, fracture toughness and fracture energy were obtained by 
tensile and fracture testing. Finally, the fracture surfaces of the single edge notch 
bending (SENB) specimens were studied via SEM. 
 
8.3.1  Results of the Tensile Testing of PA 6 
 
Tensile tests were carried out on dumbbell specimens approximately 4 mm in thickness 
and 4 mm in width. The specimens were dried at 80 ºC in a vacuum oven for 2 weeks in 
order to remove any absorbed moisture. Figure 8.2 shows the typical tensile stress 
versus strain curves, from which it can be seen that the unmodified and ZnO-C nano-
modified PA 6 composites exhibited a great ductility (The test stopped at 25% strain to 
protect the extensometer).  
 
 
Figure 8.2: Typical stress-strain curves for the unmodified and ZnO-C nano-
modified PA 6 composites tested at 23 °C. 
Test stopped 
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Table 8.1: Summary of the Young’s modulus, yield stress and yield strain of 
unmodified and ZnO-C nano-modified PA 6 composites tested at 23 °C. 
Formulation 
Nano-particle 
content 
(vol.%) 
Young's 
modulus, E  
(GPa) 
Yield stress, 
σ  (MPa) 
Yield strain, 
ε  (%) 
PA 6-0 0.00 3.33 ± 0.08 79 ± 1 21 ± 3 
PA 6-0.10 C (S) 0.10 3.24 ± 0.04 78 ± 1 21 ± 1 
PA 6-0.18 C (S) 0.18 3.25 ± 0.04 77 ± 1 20 ± 1 
PA 6-0.36 C (S) 0.36 3.25 ± 0.07 77 ± 1 20 ± 1 
PA 6-0.63 C (S) 0.63 3.24 ± 0.01 76 ± 1 19 ± 2 
PA 6-0.10 C (P) 0.10 3.35 ± 0.05 79 ± 1 19 ± 1 
PA 6-0.18 C (P) 0.18 3.38 ± 0.04 79 ± 1 19 ± 1 
PA 6-0.36 C (P) 0.36 3.33 ± 0.03 76 ± 1 18 ± 2 
PA 6-0.63 C (P) 0.63 3.37 ± 0.05 77 ± 1 20 ± 1 
 
Table 8.1 summarises the tensile results obtained at 23 ºC. The Young’s modulus and 
yield stress of unmodified PA 6 in dried condition were measured to be in range of 3.33 
± 0.08 GPa and 79 ± 1 MPa. The addition of up to 0.63 vol.% ZnO-C nano-particles, 
which were surface modified with silane (S) or phosphonate (P), had only a minimal 
effect on the Young’s modulus and yield stress, as was observed in Chapter 7 for the 
ZnO-C nano-modified PMMA composites.  
 
8.3.2  Results of the Fracture Testing of PA 6 
 
Fracture tests were performed on SENB specimens to measure the fracture toughness, 
IcK , and fracture energy, IcG , of the unmodified and ZnO-C nano-modified PA 6 
composites at 23 °C. 
 
Table 8.2 summarises the fracture results obtained at 23 °C. The normalised fracture 
energy, /c mG G , of ZnO-C nano-modified PA 6 composites was plotted against the 
nano-content in Figure 8.3. An average fracture toughness of 4.81 ± 0.06 MPa·m1/2 and 
fracture energy of 6062 ± 235 J/m2 were determined for the unmodified PA 6 matrix, 
which were much higher than those obtained for the unmodified SAN and PMMA 
polymers investigated in Chapters 4 to 7. With the addition of silane surface modified 
ZnO-C particles up to 0.63 vol.%, there was only a marginal effect on the toughness of 
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the PA 6. However, the ZnO-C particles, which were surface modified with 
phosphonate, decreased the toughness somewhat as was shown in Figure 8.3. 
 
Table 8.2: Summary of the values of fracture toughness and fracture energy of 
unmodified and ZnO-C nano-modified PA 6 composites tested at 23 °C. 
Formulation 
Nano-particle 
content  
(vol.%) 
Fracture 
toughness , 
 IcK  (MPa·m
1/2) 
Fracture energy, 
IcG  (J/m
2) 
PA 6-0 0.00 4.81 ± 0.06 6062 ± 235 
PA 6-0.10 C (S) 0.10 4.80 ± 0.06 6242 ± 167 
PA 6-0.18 C (S) 0.18 4.87 ± 0.03 6405 ± 74 
PA 6-0.36 C (S) 0.36 4.79 ± 0.08 6195 ± 196 
PA 6-0.63 C (S) 0.63 4.76 ± 0.07 6147 ± 180 
PA 6-0.10 C (P) 0.10 4.69 ± 0.06 5759 ± 153 
PA 6-0.18 C (P) 0.18 4.62 ± 0.06 5546 ± 134 
PA 6-0.36 C (P) 0.36 4.62 ± 0.03 5627 ± 84 
PA 6-0.63 C (P) 0.63 4.58 ± 0.08 5533 ± 198 
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Figure 8.3: Normalised fracture energy of ZnO-C nano-modified PA 6 composites 
tested at 23 °C. 
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8.3.3  Microscopy of the Fracture Surfaces 
 
   
   
   
Figure 8.4: SEM images showing the fracture surfaces of (a) and (b) PA 6-0, (c) 
and (d) PA 6-0.63 C (S) and (e) and (f) PA 6-0.63 C (P) at 23 °C.  
 
Scanning electron microscopy (SEM) was carried on some of the fracture surfaces of 
neat PA 6 and its ZnO-C nano-modified composites tested at 23 °C. The direction of 
crack propagation was from left to right in all images. Figure 8.4 shows the fracture 
surfaces of unmodified PA 6 and the nano-modified composites containing 0.63 vol.% 
ZnO-C particles, which were surface modified with silane (Figure 8.4 (c) and (d)) and 
phosphonate (Figure 8.4 (e) and (f)), respectively. The microstructures show that large 
(a) (b) 
(c) (d) 
(e) 
Pre-crack 
(f) 
Pre-crack 
Pre-crack 
CHAPTER 8    ZNO-C NANO-MODIFIED PA 6 SYSTEM 
227 
scale plastic deformation of the matrix had occurred during fracture, in agreement with 
the observations that PA 6 had a much higher toughness than the systems analysed 
previously. With the addition of 0.63 vol.% ZnO-C particles, there was little difference 
in the appearance of the fracture surfaces, as can be seen in Figure 8.4. 
 
8.4 Discussion of Results 
 
The reason why only small amount of ZnO nano-particles were added was due to the 
significant problems of agglomeration when higher amounts of nano-particles were 
included. However, small additions, i.e. up to 0.63% by volume, have very little effect 
on the mechanical response of this already very tough polymer. The difference observed 
in normalised toughness between the addition of silane and phosphonate modified 
particles, whilst curious, are probably not significant enough to warrant further 
investigation. Clearly future efforts should concentrate on developing techniques to 
evenly distribute large quantities of nano-particles into polymers such as PA 6, such that 
for example, the Young’s modulus could be enhanced. 
 
8.5 Chapter Summary 
 
This chapter has described the results of an investigation into the microstructure and the 
mechanical behaviour of ZnO-C nano-modified PA 6 composites at 23 ºC. The 
spherical ZnO-C particles with an average diameter of 10 nm were surface modified 
with silane and phosphonate, respectively. These particles were observed to be 
uniformly dispersed throughout the matrix. The tensile and fracture testing showed that 
the addition of ZnO-C particles up to 0.63 vol.% had only a marginal effect on the 
measured Young’s modulus, yield stress, fracture toughness and fracture energy. The 
microstructures obtained by SEM also showed little difference between the unmodified 
matrix and the nano-modified composites. Chapter 9 will summarise and discuss the test 
results obtained in Chapters 4 to 8, and discuss the fracture mechanisms that are present.  
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CHAPTER 9 
 
 
9 SYSTEM COMPARISONS AND 
DISCUSSION  
 
9.1  Introduction 
 
This project has investigated six ZnO nano-modified thermoplastic systems, namely 
ZnO-A modified VLN (Chapter 4), ZnO-B modified VLN (Chapter 4), ZnO-B modified 
VLP (Chapter 5), ZnO-C modified VLN (Chapter 6), ZnO-C modified polymethyl 
methacrylate (PMMA) (Chapter 7) and lastly ZnO-C modified polyamide 6 (PA 6) 
(Chapter 8). The ZnO-A and ZnO-B particles were the short nano-rods, while the ZnO-
C particles were the nano-spheres. The ZnO-A particles had an average diameter of 40 
nm with an aspect ratio (length/diameter) of 4, ZnO-B particles had an average particle 
diameter of 12 nm with an aspect ratio of 3, and ZnO-C particles had an average 
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diameter of 10 nm. The VLN and VLP thermoplastics were styrene acrylonitrile (SAN) 
copolymers containing 24% and 34% of acrylonitrile, respectively.  
 
The purpose of this chapter is to review the various microstructures and fracture 
behaviour of the different systems that were tested at 23 °C and 80 °C. The 
experimental data and observations have been tabulated for clarity and to serve as a 
reference for the discussion. Table 9.1 summarises the glass transition temperature, gT , 
and the microstructures observed. Tables 9.2 and 9.3 summarise the quasi-static and 
fatigue properties deduced at 23 °C and 80 °C. The discussion starts with a 
consideration of the different microstructures present and then considers gT , Young’s 
modulus, E , yield behaviour, quasi-static fracture behaviour and finally fatigue 
behaviour. Selected images from Chapters 4 to 8 have been repeated in this chapter to 
assist the reader in following the discussion. 
 
The measured glass transition temperatures and mechanical properties of the 
unmodified matrices were in good agreement with those reported in the literature. The 
glass transition temperatures of unmodified SAN and PMMA were measured to be 105 
°C and 95 °C by using differential scanning calorimetry (DSC). Values quoted in the 
materials database, CES EduPack 2010 [147], indicate that the gT  for this polymer lies 
in the range of 102 °C to 110 °C for the unmodified SAN and 96 °C to 104 °C for the 
unmodified PMMA. The Young’s moduli of unmodified VLN, VLP, PMMA and PA 6 
tested at 23 °C were determined in this research to be 3.87 ± 0.05 GPa, 4.14 ± 0.03 GPa, 
3.35 ± 0.05 GPa and 3.33 ± 0.08 GPa, respectively, which also agreed well with the 
values quoted in CES EduPack 2010. The fracture toughness of unmodified VLN at 23 
°C was measured to be 1.12 ± 0.08 MPa·m1/2, in good agreement with 1.06 ± 0.09 
MPa·m1/2 reported by Song et al. [148] and 1.05 ± 0.15 MPa·m1/2 reported by Zheng et 
al. [149]. The fracture toughness of unmodified PMMA at 23 °C was measured to be 
1.10 ± 0.03 MPa·m1/2, also in good agreement with the value of about 1.10 MPa·m1/2 
reported by Marshall et al. [150] and Dear [145].   
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9.2  Summary of the Test Results 
 
Table 9.1: Summary of the Tg tested via DMTA and DSC, and the AFM/TEM observations of the ZnO nano-modified thermoplastics.  
Polymer Formulation Content (vol.%) 
Tg via DMTA 
(°C) 
Tg via DSC 
(°C) AFM and TEM observations 
VLN 
SAN-24-0 0.00 116 ± 2 105 Neat, featureless unmodified VLN matrix 
   SAN-24-0.10 A (S)(1) 0.10 117 ± 2 104 ZnO-A nano-particles were poorly dispersed in the matrix. 
Agglomerates as large as 300 nm were observed in SAN-
24-2.00 A (S). 
SAN-24-1.04 A (S) 1.04 116 ± 0 106 
SAN-24-2.00 A (S) 2.00 115 ± 2 105 
   SAN-24-0.05 B (T)(2) 0.05 117 ± 0 104 
ZnO-B nano-particles were well dispersed through the 
matrix up to 0.30 vol.%. Agglomerates as large as 100 nm 
were observed in SAN-24-0.50 B (T). 
SAN-24-0.10 B (T) 0.10 115 ± 0 104 
SAN-24-0.30 B (T) 0.30 116 ± 2 105 
SAN-24-0.50 B (T) 0.50 116 ± 0 104 
SAN-24-0.10 C (S) 0.10 116 ± 0 106 ZnO-C nano-particles were uniformly dispersed up to 0.27 
vol.%. Nano-particle agglomerates as large as 120 nm and 
200 nm were observed in SAN-24-0.63 C (S) and SAN-
24-1.25 C (S), respectively. 
SAN-24-0.27 C (S) 0.27 117 ± 2 107 
SAN-24-0.63 C (S) 0.63 116 ± 1 107 
SAN-24-1.25 C (S) 1.25 116 ± 1 107 
VLP 
SAN-34-0 0.00 118 ± 0 105 Neat, featureless unmodified VLP matrix 
SAN-34-0.10 B (T) 0.10 117 ± 1 105 ZnO-B nano-particles were relatively well dispersed in the 
matrix. However, agglomerates as large as 100 nm were 
observed in SAN-34-1.00 B (T). 
SAN-34-0.50 B (T) 0.50 117 ± 0 105 
SAN-34-1.00 B (T) 1.00 116 ± 1 105 
PMMA 
PMMA-0 0.00 118 ± 0 96 Neat, featureless unmodified PMMA matrix 
PMMA-0.10 C (S) 0.10 118 ± 0 95 
ZnO-C nano-particles were uniformly dispersed up to 0.18 
vol.%. However, nano-particle agglomerates as large as 80 
nm were observed in PMMA-0.63 C (S). 
PMMA-0.18 C (S) 0.18 117 ± 0 95 
PMMA-0.36 C (S) 0.36 117 ± 0 95 
PMMA-0.63 C (S) 0.63 119 ± 0 95 
continues onto next page 
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Polymer Formulation Content (vol.%) 
Tg via DMTA 
(°C) 
Tg via DSC 
(°C) AFM and TEM observations 
PA 6 
PA 6-0 0.00     Neat, featureless unmodified PA 6 matrix 
PA 6-0.10 C (S) 0.10     
ZnO-C nano-particles were uniformly dispersed 
throughout PA 6. 
PA 6-0.18 C (S) 0.18     
PA 6-0.36 C (S) 0.36     
PA 6-0.63 C (S) 0.63     
PA 6-0.10 C (P)(3) 0.10     
PA 6-0.18 C (P) 0.18     
PA 6-0.36 C (P) 0.36     
PA 6-0.63 C (P) 0.63     
(1) S: Silane  
(2) T: Trioxadecanoic acid 
(3) P: Phosphonate 
 
Table 9.2: Summary of the Young’s modulus, E, tensile yield stress, σy, fracture toughness, KIc, fracture energy, GIc, and maximum 
fracture energy threshold, (Gmax)th, obtained at 23 °C.  
Polymer Formulation Content (vol.%) 
E σy  KIc GIc (Gmax)th 
 (GPa)  (MPa)  (MPa·m1/2)  (J/m2) (J/m2) 
VLN 
SAN-24-0 0.00 3.87 ± 0.05 88 ± 1 1.12 ± 0.08 316 ± 12 17 ± 1 
SAN-24-0.10 A (S) 0.10 3.89 ± 0.04   1.28 ± 0.10 375 ± 25   
SAN-24-1.04 A (S) 1.04 4.06 ± 0.10   1.06 ± 0.03 257 ± 9   
SAN-24-2.00 A (S) 2.00 4.28 ± 0.14   0.98 ± 0.04 202 ± 17   
SAN-24-0.05 B (T) 0.05 3.95 ± 0.06 88 ± 1 1.41 ± 0.02 441 ± 12 21 ± 1 
SAN-24-0.10 B (T) 0.10 3.98 ± 0.03 88 ± 1 1.40 ± 0.03 445 ± 27 26 ± 2 
SAN-24-0.30 B (T) 0.30 4.03 ± 0.04 88 ± 1 1.34 ± 0.02 402 ± 14 34 ± 2 
SAN-24-0.50 B (T) 0.50 4.06 ± 0.05 88 ± 1 1.26 ± 0.05 372 ± 9 30 ± 1 
continues onto next page 
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Polymer Formulation Content (vol.%) 
E σy  KIc GIc (Gmax)th 
 (GPa)  (MPa)  (MPa·m1/2)  (J/m2) (J/m2) 
VLN 
SAN-24-0.10 C (S) 0.10 3.85 ± 0.03 89 ± 1 1.31 ± 0.03 401 ± 17   
SAN-24-0.27 C (S) 0.27 3.75 ± 0.04 89 ± 1 1.08 ± 0.06 277 ± 11   
SAN-24-0.63 C (S) 0.63 3.74 ± 0.07 90 ± 1 0.93 ± 0.03 186 ± 8   
SAN-24-1.25 C (S) 1.25 3.77 ± 0.02 90 ± 1 0.66 ± 0.04 117 ± 14   
VLP 
SAN-34-0 0.00 4.14 ± 0.03 89 ± 1 2.11 ± 0.08 963 ± 25 22 ± 3 
SAN-34-0.10 B (T) 0.10 4.21 ± 0.07 89 ± 1 2.30 ± 0.02 1166 ± 45 33 ± 1 
SAN-34-0.50 B (T) 0.50 4.24 ± 0.06 89 ± 1 2.18 ± 0.07 1043 ± 89 40 ± 2 
SAN-34-1.00 B (T) 1.00 4.33 ± 0.05 89 ± 1 1.93 ± 0.12 814 ± 69 32 ± 3 
PMMA 
PMMA-0 0.00 3.35 ± 0.05 84 ± 2 1.10 ± 0.03 323 ± 7   
PMMA-0.10 C (S) 0.10 3.40 ± 0.03 84 ± 1 0.96 ± 0.03 248 ± 22   
PMMA-0.18 C (S) 0.18 3.42 ± 0.03 83 ± 0 1.02 ± 0.03 264 ± 28   
PMMA-0.36 C (S) 0.36 3.42 ± 0.02 84 ± 0 0.91 ± 0.06 220 ± 28   
PMMA-0.63 C (S) 0.63 3.46 ± 0.03 82 ± 1 0.86 ± 0.01 195 ± 6   
PA 6 
PA 6-0 0.00 3.33 ± 0.08 79 ± 1 4.81 ± 0.06 6062 ± 235   
PA 6-0.10 C (S) 0.10 3.24 ± 0.04 78 ± 1 4.80 ± 0.06 6242 ± 167   
PA 6-0.18 C (S) 0.18 3.25 ± 0.04 77 ± 1 4.87 ± 0.03 6405 ± 74   
PA 6-0.36 C (S) 0.36 3.25 ± 0.07 77 ± 1 4.79 ± 0.08 6195 ± 196   
PA 6-0.63 C (S) 0.63 3.24 ± 0.01 76 ± 1 4.76 ± 0.07 6147 ± 180   
PA 6-0.10 C (P) 0.10 3.35 ± 0.05 79 ± 1 4.69 ± 0.06 5759 ± 153   
PA 6-0.18 C (P) 0.18 3.38 ± 0.04 79 ± 1 4.62 ± 0.06 5546 ± 134   
PA 6-0.36 C (P) 0.36 3.33 ± 0.03 76 ± 1 4.62 ± 0.03 5627 ± 84   
PA 6-0.63 C (P) 0.63 3.37 ± 0.05 77 ± 1 4.58 ± 0.08 5533 ± 198   
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Table 9.3: Summary of the Young’s modulus, E, tensile yield stress, σy, fracture toughness, KIc, and fracture energy, GIc, obtained at 80 
°C.  
Polymer Formulation Content (vol.%) 
E σy  KIc GIc 
 (GPa)  (MPa)  (MPa·m1/2)  (J/m2) 
VLN 
SAN-24-0 0.00 3.19 ± 0.03 58 ± 1 0.89 ± 0.06 217 ± 17 
SAN-24-0.10 A (S) 0.10         
SAN-24-1.04 A (S) 1.04         
SAN-24-2.00 A (S) 2.00         
SAN-24-0.05 B (T) 0.05 3.24 ± 0.07 57 ± 1 1.07 ± 0.05 307 ± 12 
SAN-24-0.10 B (T) 0.10 3.29 ± 0.06 57 ± 1 1.09 ± 0.03 315 ± 12 
SAN-24-0.30 B (T) 0.30 3.35 ± 0.07 57 ± 1 1.12 ± 0.07 345 ± 15 
SAN-24-0.50 B (T) 0.50 3.40 ± 0.05 57 ± 1 1.14 ± 0.01 346 ± 12 
SAN-24-0.10 C (S) 0.10 3.22 ± 0.04 57 ± 1 0.92 ± 0.02 233 ± 12 
SAN-24-0.27 C (S) 0.27 3.30 ± 0.04 57 ± 1 0.90 ± 0.02 228 ± 13 
SAN-24-0.63 C (S) 0.63 3.22 ± 0.03 57 ± 1 0.62 ± 0.04 118 ± 12 
SAN-24-1.25 C (S) 1.25 3.12 ± 0.04 57 ± 1 0.53 ± 0.01 90 ± 4 
VLP 
SAN-34-0 0.00 3.43 ± 0.10 59 ± 1 1.49 ± 0.04 561 ± 32 
SAN-34-0.10 B (T) 0.10 3.47 ± 0.04 58 ± 2 1.54 ± 0.05 632 ± 26 
SAN-34-0.50 B (T) 0.50 3.52 ± 0.01 59 ± 2 1.58 ± 0.08 677 ± 11 
SAN-34-1.00 B (T) 1.00 3.57 ± 0.06 59 ± 1 1.60 ± 0.03 699 ± 11 
PMMA 
PMMA-0 0.00 1.65 ± 0.04 19 ± 0 0.71 ± 0.02 283 ± 17 
PMMA-0.10 C (S) 0.10 1.72 ± 0.09 22 ± 1 0.67 ± 0.03 232 ± 23 
PMMA-0.18 C (S) 0.18 1.73 ± 0.03 21 ± 0 0.63 ± 0.03 206 ± 19 
PMMA-0.36 C (S) 0.36 1.73 ± 0.03 24 ± 0 0.63 ± 0.02 201 ± 15 
PMMA-0.63 C (S) 0.63 1.72 ± 0.07 24 ± 0 0.60 ± 0.01 182 ± 16 
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9.3  Discussion 
 
9.3.1  Discussion of the Microstructures  
 
A summary of the morphologies for the systems investigated from the present study is 
shown in Table 9.1. For all the unmodified thermoplastics (VLN, VLP, PMMA and PA 
6), the atomic force microscopy (AFM) or transmission electron microscopy (TEM) 
images show that the surfaces were devoid of any notable features, as shown in Figure 
9.1 (a).  
 
    
   
Figure 9.1: AFM phase images showing the microstructures of (a) unmodified 
VLN, (b) SAN-24-2.00 A (S), (c) SAN-24-0.50 B (T) and (d) SAN-34-1.00 B (T). 
1 μm 
 
(a) (b) 
(c) (d) 
500 nm 
 
500 nm 
 
500 nm 
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Figure 9.2: AFM and TEM images (Courtesy of BASF) showing the 
microstructures of (a) SAN-24-1.25 C (S), (b) PMMA-0.63 C (S), (c) PA 6-0.63 C 
(S) and (d) PA 6-0.63 C (P). 
 
It was apparent that the dispersion of the nano-particles depended upon the size of the 
particles, the surface modifier employed and the matrix material. ZnO-A nano-particles, 
which were the largest of the three types investigated, were the most difficult to 
disperse. Agglomerates as large as 300 nm were observed in SAN-24-2.00 A (S) 
(Figure 9.1 (b)). The ZnO-B particles, with an average diameter of 12 nm and length of 
36 nm, were relatively well dispersed throughout the VLN and VLP matrices. The 
spherical ZnO-C nano-particles were observed to be well dispersed in the PMMA and 
PA 6 matrices (Figure 9.2 (b)-(d)). However, they clustered into agglomerates of about 
ten to twenty particles in SAN-24-1.25 C (S) system, as shown in Figure 9.2 (a).  
(a) (b) 
(c) (d) 
500 nm 
 
500 nm 
 
200 nm 200 nm 
Chapter 9     SYSTEM COMPARISONS AND DISCUSSION 
236 
 
Nano-particles have a high surface-to-volume ratio that creates large interfacial areas, 
giving nano-particles unique properties compared to their micro- or macro-scale 
counterparts. To achieve the most effective enhancement of the properties, the nano-
particles must be uniformly dispersed into the matrix [151]. However, nano-particles are 
strongly affected by van der Waals forces, due to their small size and large surface 
areas. These forces give rise to the formation of aggregates, which in return make the 
nano-particles more difficult to be dispersed. To date, several processing approaches 
have been used [151-154], including in situ polymerisation, solution method and melt 
processing. However, it was reported that it was difficult to uniformly disperse nano-
particles with the sizes of less than 50 nm and volume fractions greater than 5% by 
weight into thermoplastics [151].    
 
9.3.2  Discussion of the Glass Transition Temperatures 
Measured  
 
When a polymer is heated to the glass transition temperature, gT , it changes from a rigid 
glass to a rubbery liquid. An abrupt change in the physical and mechanical properties 
for polymer occurs at the gT . If the nano-particles altered the chemical or physical 
structures of the matrix material, then the gT  would also be expected to vary with matrix 
modification.  
 
Dynamic mechanical thermal analysis (DMTA) and differential scanning calorimetry 
(DSC) were carried out to determine the gT  of the unmodified thermoplastics and the 
nano-modified composites. Table 9.1 shows that the addition of ZnO nano-particles had 
only a marginal effect on the measured gT  of the composites. The gT  of ZnO modified 
SAN lay within the range of 116 ± 2 °C, and it was determined to be 117 ± 2 °C for the 
nano-modified PMMA composites via DMTA. It is more likely because the ZnO nano-
particles are sufficiently small, such that they did not impede the mobility of the 
polymer chains. Johnsen et al. [5] and Liang et al. [27] added 20 nm spherical silica 
nano-particles to various epoxies up to 20 wt.%, and they also did not find any change 
in gT . It can be noticed from Table 9.1 that the values of gT  measured via DMTA were 
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approximately 10 °C - 20 °C greater than those measured via DSC. The difference 
comes from the different testing mechanisms of DMTA and DSC. In the DMTA 
technique, gT  is determined via changes in the storage modulus, 
'E , or the loss factor, 
tanδ , as a function of temperature. Here gT  is taken to be the temperature at which the 
peak value of tanδ  occurs. In the DSC technique, gT  is determined via changes in the 
heat capacity of the material. In DSC, the deflection in the heat rate absorption curve is 
used to identify gT .  
 
9.3.3  Discussion of the Effects of Nano-particles on 
Young’s  Modulus 
 
Rigid ZnO nano-particles had been surface modified and added into the four 
thermoplastic systems (VLN, VLP, PMMA and PA 6) by the sponsor. Tensile tests 
were then performed on the different systems. Figure 9.3 plots the normalised Young’s 
modulus ( /c mE E , where cE  and mE  are the Young’s moduli of the modified composite 
and the matrix) of the various ZnO modified thermoplastic composites against the 
volume fraction of nano-particles added for tests at 23 °C and 80 °C. The lines are the 
best linear fits to the measured /c mE E  in this project. It was shown that with the 
exception of the ZnO-C modified VLN and PA 6 systems, the E  of the modified 
composites increased with the addition of ZnO nano-particles. This was expected, since 
the ZnO nano-particles have a much higher modulus (~ 140 GPa [136, 137]), compared 
to that of the unmodified polymers (~ 3 GPa - 4 GPa) investigated in the project. The E  
values of the unmodified VLN, VLP, PMMA and PA 6 at 23 °C were determined to be 
3.87 ± 0.05 GPa, 4.14 ± 0.03 GPa, 3.35 ± 0.05 GPa and 3.33 ± 0.08 GPa, respectively. 
The maximum stiffening occurred with the addition of 2.00 vol.% ZnO-A nano-
particles to the VLN, where the E  was increased by 11% to 4.28 ± 0.14 GPa. 
 
Chapter 9     SYSTEM COMPARISONS AND DISCUSSION 
238 
 
0.95
1.00
1.05
1.10
1.15
0.00 0.50 1.00 1.50 2.00
N
or
m
al
is
ed
 Y
ou
ng
's 
m
od
ul
us
, E
c/E
m
Nano-content (vol.%)
ZnO-A modified VLN ZnO-B modified VLN
ZnO-B modified VLP ZnO-C modified VLN
ZnO-C modified PMMA ZnO-C (P) modified PA 6
ZnO-C (S) modified PA 6
 
 
0.95
1.00
1.05
1.10
1.15
0.00 0.50 1.00 1.50
N
or
m
al
is
ed
 Y
ou
ng
's 
m
od
ul
us
, E
c/E
m
Nano-content (vol.%)
ZnO-B modified VLN
ZnO-B modified VLP
ZnO-C modified VLN
ZnO-C modified PMMA
 
Figure 9.3: Normalised Young’s modulus versus nano-content for the various ZnO 
modified systems at (a) 23 °C and (b) 80 °C.  
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Chapter 9     SYSTEM COMPARISONS AND DISCUSSION 
239 
 
Many theoretical models [25, 43-49] have been developed for predicting the E  of 
particle modified polymers in the past a few decades. The series and parallel models [43, 
45, 47] provide the upper and lower bounds for the predictions. The Kerner [50], the 
Halpin-Tsai [51], the Nielsen [49, 53] and the Van Es [52] models are frequently used 
by the researchers due to their versatility. The tensile modulus values of the ZnO-A and 
ZnO-B modified VLN and ZnO-B modified VLP have been compared with the 
theoretical predictions in Chapters 4 and 5. The Halpin-Tsai and the Van Es models 
were shown to give relatively good predictions of observed behaviour while the Kerner 
and the Nielsen models somewhat under-predicted the modulus values.  
 
These theoretical models were originally developed for the micon-sized particle 
modified composites. As mentioned in Chapter 2, three inherent assumptions were 
made for these stiffening models: (1) the matrix and filler were linear-elastic and 
isotropic; (2) all interfaces were perfect and remained intact under stress and (3) all 
fillers were aligned, uniformly dispersed and identical in shape and size. The Halpin-
Tsai and the Van Es models have been shown to work well for composites where the 
fillers take the form of cylinders or disc-shaped spheroids. The Kerner model is only 
suitable for composites including spherical particles at low volume fractions. At low 
volume fractions, the Nielsen model gives similar predictions to the Kerner model.  
 
These models are only dependent on the volume fraction, the aspect ratio of the fillers 
and the elastic constants of both matrix and fillers. Some parameters should be taken 
into account when applying these models to nano-particle modified polymer 
composites. Firstly, the agglomeration of nano-particles in the matrix should be 
considered. As the stiffness of clustered composite is less than that of the same volume 
fraction of particles which are uniformly dispersed. Secondly, if the fillers are poorly 
bonded with the matrix, little or no stiffening may be achieved, just as was observed for 
the ZnO-C nano-modified VLN composites reported in present study. Thirdly, none of 
these models has considered the size effect of fillers. Uniformly dispersed nano-
particles can create a larger particle to matrix interfacial area than micro-sized particles 
at the same volume fraction. An interphase region of around several nanometers which 
has higher modulus than the matrix, exists between rigid nano-particles and the matrix 
[75, 123, 155-159]. This interphase region makes the nano-particles stiffen more 
efficiently than micron-sized particles. That is why for the ZnO-B nano-modified VLN 
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system, all of the four models somewhat under-predicted the moduli of modified 
composites. 
 
It is clear from Figure 9.4 that there was no increase in the E  of the ZnO-C nano-
modified VLN composites at 23 °C. The E  at 80 °C initially increased by 3% with the 
addition of 0.27 vol.% nano-particles. However, it declined with future addition of 
ZnO-C nano-particles (Figure 9.3 (b)). If rigid particles are well bonded to a matrix, it is 
expected that a stiffening effect will result. The decrease in the E  of the ZnO-C nano-
modified VLN composites thus indicates that the nano-particles were not well bonded 
to the matrix.   
 
It can also be seen from Figure 9.4 that the gradient of the linear best fit line to the ZnO-
B modified system results is larger than that of the line drawn to the ZnO-A modified 
system. This is because ZnO-B has a smaller particle size than ZnO-A system. 
Vollenberg and Heikens [158, 159] proposed that smaller particles could stiffen the 
polymers more than the larger particles for equivalent volume fraction added.  
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Figure 9.4: Normalised Young’s modulus versus nano-content for the ZnO-A, 
ZnO-B and ZnO-C modified VLN at 23 °C. 
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Figure 9.5: Schematic illustration of nano-particle and interphase region in the 
matrix polymer. 
 
It is believed that an interphase region exists between rigid nano-particles and the 
matrix polymer [75, 123, 155-159], as shown schematically in Figure 9.5. When a 
thermoplastic polymer is cooled down from the melt, a solidification process takes 
place. The rigid nano-particles can act as initiation sites for this solidification process. 
The polymer adjacent to nano-particles solidifies at an earlier stage in the solidification 
process because of a more favourable orientation of the molecules than the material in 
the bulk resin. An interphase region with a higher density and modulus will be formed 
around the particles. In particular, VanLandingham et al. [157] carried out nano-
indentation tests, and found that the stiffness of the interphase region was significantly 
higher than the matrix polymer more than 300 nm from the particle surface. The 
thickness of the interfacial layer varies between different nano-particles and different 
matrix materials. The interfacial layer thicknesses were measured to be 15 nm to 25 nm 
for the CaCO3 modified polypropylene (PP) composites [160] and 9 ± 3 nm for nano-
silica modified PMMA composites [75]. The authors [158, 159] argued that the 
interphase region increased the effective volume fraction of the nano-particles. Equation 
9.1 shows that at the same nano-content, there is an inverse relationship between the 
increase in the effective volume fraction and the radius of the particle. 
 
1 2
2 1
V r
V r
∆
≈
∆
 Equation 9.1 
 
where V∆  and r  are the increase in the effective volume fraction and the equivalent 
radius of the particle, respectively. Hence, ZnO-B particles, which have a smaller size, 
are expected to stiffen the VLN matrix more than ZnO-A particles. 
 
Nano-particle Interphase 
Polymer 
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Figure 9.6: Normalised Young’s modulus versus nano-content for (a) the ZnO-B 
modified VLN and VLP and (b) the ZnO-C modified VLN, PMMA and PA 6. 
 
Figure 9.6 compares the stiffening effect of the same type of nano-particles on different 
matrix materials at 23 °C. It can be seen that ZnO-B particles can stiffen VLN more 
effectively than VLP, and that ZnO-C particles can stiffen PMMA more effectively than 
VLN. It is well known that well bonded particles will show a better performance in 
(a) 
(b) 
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stiffening than less well bonded particles [32]. Thus, it is concluded that the ZnO-B and 
ZnO-C particles were better bonded in the VLN and PMMA matrices respectively.  
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Figure 9.7: Normalised Young’s modulus versus nano-content for (a) ZnO-B 
modified VLN and (b) ZnO-B modified VLP at 23 °C and 80 °C. 
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Figure 9.8: Normalised Young’s modulus versus nano-content for (a) ZnO-C 
modified VLN and (b) ZnO-C modified PMMA at 23 °C and 80 °C. 
 
Figures 9.7 and 9.8 compare the stiffening abilities of the ZnO-B and ZnO-C nano-
particles on the three amorphous thermoplastic polymers at 23 °C and 80 °C. It is clear 
that, for the same nano-particle modified VLN and VLP composites, the gradients of the 
linear best fit lines at different temperatures had similar values (Figures 9.7 (a), 9.7 (b) 
and 9.8 (a)). However, the gradient of the linear best fit line of the ZnO-C modified 
(a) 
(b) 
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PMMA composites at 80 °C (Figure 9.8 (b)) was larger than that at 23 °C. This is due to 
the unmodified PMMA having a much higher E  at 23 °C than at 80 °C. It was reported 
in Tables 9.2 and 9.3 that from 23 °C to 80 °C, the E  of the unmodified VLN decreased 
from 3.87 ± 0.05 GPa to 3.19 ± 0.03 GPa, while it decreased significantly from 3.35 ± 
0.05 GPa to 1.65 ± 0.04 GPa for the unmodified PMMA. The theoretical stiffening 
models discussed in Chapter 2 show that the stiffening efficiency will increase with 
increasing value of /f mE E , where fE  and mE  are the Young’s moduli of the filler and 
the matrix, respectively. It may also be concluded that if the E  of the polymer has not 
changed significantly from 23 °C to 80 °C, the nano-particles will have similar 
stiffening efficiencies. 
 
9.3.4  Discussion of the Effects of Nano-particles on Yield 
Behaviour  
 
For relatively brittle materials such as SAN and PMMA, testing in tension at 
temperatures below the gT  can lead to premature failure prior to the yield point. This 
can be due to the effects of surface marks, scratches, air bubbles or due to the effects of 
crazing. During uniaxial compression, brittle tensile fracture is avoided and plastic 
yielding can be observed prior to failure. The yield behaviour of glassy polymers also 
depends on the hydrostatic stress component, which leads to the yield stress being 
different in tension and in compression. The standard of ISO 13586 [124] suggests that 
the tensile yield stress is approximately 70% of the compressive yield stress. 
 
The tensile yield stress of ZnO nano-modified polymer composites at 23 °C and 80 °C 
were summarised in Tables 9.2 and 9.3. At 23 °C, the yσ  was determined to be about 
89 MPa for the unmodified VLN and VLP, 84 MPa for the unmodified PMMA and 79 
MPa for the unmodified PA 6 in dried condition. At 80 °C, the value decreased 
significantly to 59 MPa for the unmodified VLN and VLP matrices and to 19 MPa for 
the unmodified PMMA. With the addition of ZnO nano-particles, there was only a 
marginal effect on the yield stress for the modified VLN, VLP and PA 6 composites. 
The yσ  showed a moderate increase from 19 MPa to 24 MPa for the nano-modified 
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PMMA at 80 °C, but remained unchanged at 23 °C. The marginal changes in yσ  for the 
ZnO nano-modified composites are more likely due to the low volume contents studied 
in the project. By adding ZnO nano-particles with the maximum volume fraction only 
up to 2%, there should not be any significant change in the yσ  of the modified polymer 
composites. 
 
9.3.5  Discussion of the Effects of Nano-particles on 
Fracture Behaviour 
 
It has been reported in the literature [5, 25, 27, 161] that, the addition of rigid nano-
silica particles to the epoxy polymers can increase both the stiffness and toughness of 
the material. The localised shear yielding of the matrix initiated by the rigid nano-
particles, debonding of nano-particles and subsequent void growth of the matrix can 
dissipate the energy during fracture, and contribute to an increase in toughness [27, 76]. 
ZnO particles added to some thermoplastic polymers however, were found to improve 
the thermal stability and stiffness of the matrix materials but simultaneously led to a 
significant decrease in the ductility and fracture toughness [110-112]. A central aim of 
this research was to investigate how the surface modified ZnO nano-particles affect the 
thermal and mechanical properties of the thermoplastic polymers.   
 
The toughening mechanisms identified for rigid particle modified polymers were 
reviewed in Chapter 2. The crack pinning and crack deflection mechanisms are widely 
accepted to be applicable for the micron-sized rigid particle modified polymers. When 
the crack begins to propagate through the rigid particles in the polymer, the cack front 
tends to bow out between the rigid particles, whilst still remaining pinned at all 
positions where it has encountered the fillers. A new fracture surface is formed and this 
results in an increase in the line energy of the crack front. In crack deflection, the crack 
tilts, twists and passes around the rigid particles, when the crack front encounters the 
rigid fillers. This causes firstly an increase in the total fracture surface area and secondly 
causes the crack to grow locally under mixed-mode I/II conditions.  
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Figure 9.9: Schematic of the crack opening displacement compared to ZnO-B 
nano-particles (12 nm in diameter and 36 nm in length) for the nano-modified 
VLN composite containing 0.50 vol.% ZnO-B particles.   
 
In order for crack pinning and crack deflection to occur, the rigid particles need to be 
much larger than the crack opening displacement at the crack tip, tδ . In the plane strain 
condition, the tδ  value can be calculated according to Equation 2.10. For the 
unmodified VLN at 23 °C, tδ  was calculated to be about 3.6 μm. For VLN with 0.50 
vol.% ZnO-B nano-particles, it was calculated to be about 4.2 μm. For the maximum 
toughness measured for the VLN composite (i.e. 0.10 vol.% ZnO-B nano-modified 
system), a value of about 5.1 μm was calculated. A crack tip in the VLN matrix 
containing 0.50 vol.% ZnO-B particles is shown schematically in Figure 9.9 together 
with an AFM image showing the microstructure at the same scale. It is clear that as the 
nano-particles are of the order of hundreds of times smaller than the crack opening 
displacement they are unlikely to cause crack pinning and crack deflection mechanisms 
to occur. 
 
The toughening effects of rigid nano-particles in a polymer can be attributed to 
debonding of nano-particles, subsequent void growth, and increased crazing and shear 
yielding of the matrix [27, 75, 76]. The debonding process is generally considered to 
absorb little energy compared to the plastic deformation of the matrix, and the 
 
 
 
 
 
4.2 µm 
Crack tip 
Agglomerates of ZnO-B nano-particles 
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contribution due to debonding, dbG∆ , can be neglected [37]. However, debonding is an 
essential prerequisite for toughening because it reduces the constraint at the crack tip 
and hence allows the matrix to deform plastically via a void growth mechanism. 
 
The contribution to toughness due to the void growth mechanism, vG∆ , was calculated 
by Huang and Kinloch [72], and may be expressed as: 
 
2 2(1 / 3)( )v m fv fp yc yu vmG V V r Kµ σ∆ = − −  Equation 9.2 
 
where mµ  is a material constant which allows for the pressure-dependency of the yield 
stress, and ranges from 0.175 to 0.225 as shown by Sultan and McGarry [162]. fvV  and 
fpV  are the volume fraction of voids and the volume fraction of particles which debond, 
respectively. The values of fvV  and fpV  can be directly measured from the appropriate 
electron micrographs. ycσ  is the plane strain compressive yield stress. yur  is the plastic 
zone radius at fracture for the unmodified polymer, and it can be calculated according to 
Equation 2.8. vmK  is the maximum stress concentration factor for the von Mises stress 
around voids, and it can calculated as [72]: 
 
9.18 2.11vm fpK V= +  Equation 9.3 
 
Kausch and Michler [75] found that nano-particles may initiate multiple crazing of 
matrix, which would increase the toughness. A craze is initiated when an applied tensile 
stress causes micro-voids to nucleate at points of high stress concentrations in the 
polymer [33]. The micro-voids develop in a plane perpendicular to the maximum 
principal stress and become stabilized by fibrils of plastically deformed material 
spanning the craze. The craze is capable of transmitting loads across its faces. Figure 
9.10 schematically shows the craze formation in a nano-modified polymer composite. 
The rigid nano-particles added to the polymer will cause stress concentrations. A large 
number of voids will be generated by debonding of the nano-particles. The materials 
between the voids will be stretched into fibrils. The matrix deforming as plastic fibrils 
can dissipate energy during the fracture and hence can increase the toughness of the 
material. 
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Figure 9.10: Schematic representation of craze formation in a nano-modified 
polymer composite [75].   
 
 
Figure 9.11: Schematic representation of void coalescence in a nano-modified 
polymer composite containing high nano-content.   
 
With a decrease in the size of nano-particles for a given added volume fraction or with 
an increase in the volume fraction added, the number of the particles in the polymer will 
increase. The debonding of the nano-particles results in an increase in the number of 
voids in the material, making the voids easier to nucleate in the crazes and forming large 
sized cavities and cracks, as shown schematically in Figure 9.11. This limits the 
deformation of the fibril, and leads premature failure, thus a lower toughness is 
obtained. It is suggested that a higher nano-particle concentration may embrittle the 
matrix.   
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Shear yielding mechanism is also reviewed in Chapter 2. The rigid nano-particles added 
to polymer cause stress concentrations, which may result in the stress around the 
particles becoming higher than the yield stress of the matrix. The higher stress can 
initiate localised plastic shear yielding of the matrix around the particles. Shear yielding 
can absorb a significant amount of energy, and increase the toughness of the material.  
 
The fracture toughness, IcK , and fracture energy, IcG , measured for the various ZnO 
nano-modified thermoplastic polymers at 23 °C and 80 °C were summarised in Tables 
9.2 and 9.3. As each system investigated in this project has different mechanical 
properties and different applications it would be inappropriate to compare their absolute 
fracture energies. Thus the fracture energies of the nano-modified composites have been 
normalised relative to the unmodified polymer of the respective system at 23 °C and 80 
°C. Scanning electron microscopy (SEM) was performed on some of the fracture 
surfaces of the single edge notch bending (SENB) samples to investigate the fracture 
mechanisms responsible for measured toughness in the fracture tests. 
 
Figure 9.12 shows the different degrees of toughening ability of the ZnO particles that 
were obtained for the nano-modified VLN, VLP, PMMA and PA 6 composites at 23 °C 
and 80 °C. The lines are the best fits to the measured normalised fracture energy, 
/c mG G , values measured in this project. The toughening of the various ZnO nano-
modified thermoplastic systems will be discussed separately in the following contents. 
Figure 9.13 compares the toughening ability of the three different ZnO nano-particles 
on the same VLN matrix. It is clear that the ZnO-B particles toughened the VLN matrix 
more effectively than the other two particle types. The addition of 0.10 vol.% ZnO-B 
nano-particles increased the IcG  of VLN by 41% at 23 °C, while the addition of ZnO-A 
and ZnO-C nano-particles only increased the IcG  by 19% and 27%, respectively, at the 
same nano-content. A general trend can be observed that, for the ZnO nano-modified 
VLN composites, the IcG  usually increased notably with the initial addition of nano-
particles, followed by a decrease in toughness with further increase in nano-content. The 
addition of 2.00 vol.% ZnO-A particles decreased the IcG  by 36%, and the addition of 
1.25 vol.% ZnO-C particles decreased the IcG  by 63%.   
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Figure 9.12: Normalised fracture energy versus nano-content for the various ZnO 
modified thermoplastics at (a) 23 °C and (b) 80 °C. 
(a) 
(b) 
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It is well known that, at 23 °C the predominant fracture mechanism in SAN is crazing 
[163]. The addition of rigid nano-particles can initiate multiple crazing and fibril 
deformation in the matrix. If large scale plastic fibril deformation in the matrix was 
obtained, as pointed in Figure 9.14 (b), the toughness of the modified composites would 
be increased significantly. Meanwhile, the nano-particles would debond from the matrix 
during fracture, and the subsequent void growth of the matrix would also absorb the 
energy, further increasing the toughness. However, with increase in the volume content, 
the nano-particles tended to form agglomerates as large as 100 nm to 200 nm (Figures 
9.1 and 9.2). The agglomerates can cause stress concentrations, which would lead to 
their debonding at a lower stress and also to the initiation of some cracks. In addition, 
more particles would be in the craze with increasing nano-content. The debonding of 
nano-particles would easily cause void coalescence in the craze. The nucleation of the 
voids will inhibit the fibril deformation in the matrix and result in premature failure. It 
is clearly shown in Figure 9.14 that, the fibril in SAN-24-0.50 B (S) (SAN contains 24 
wt.% acrylonitrile and 0.50 vol.% ZnO-B nano-particles) was not plastically deformed 
as much as that in SAN-24-0.05 B (S). That is why the toughness of ZnO nano-
modified composites tended to decrease at high nano-content. 
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Figure 9.13: Normalised fracture energy versus nano-content for the ZnO-A, ZnO-
B and ZnO-C modified VLN at 23 °C. 
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Figure 9.14: SEM images showing the process zones of (a) SAN-24, (b) SAN-24-
0.05 B (T), (c) SAN-24-0.30 B (T) and (d) SAN-24-0.50 B (T) at 23 °C. The arrows 
point to some fibril deformation in the matrix and circles indicate some void 
growth of the matrix. 
 
Figure 9.15 compares the toughening ability of ZnO-B and ZnO-C particles on different 
matrix materials at 23 °C. For the ZnO-B nano-modified VLN and VLP composites, the 
toughness increased with the initial addition of nano-particles, which was followed by a 
decrease at higher volume contents. It can also be seen that the ZnO-B nano-particles 
toughened the VLN more than the VLP. This may be because VLP has already been 
toughened when compared with VLN, by the increased acrylonitrile content. The 
acrylonitrile added to polystyrene increased the entanglement density and polarity of the 
material and therefore increased the stiffness and toughness. The addition of ZnO-B 
nano-particles did not appear to initiate as much crazing in the VLP as compared to the 
VLN. With the addition of 0.10 vol.% ZnO-B nano-particles, the IcG  of the unmodified 
VLP was only increased by 21%, while the IcG  of the unmodified VLN was increased 
by 41%, which agrees well with this general theory. 
 
(a) (b) 
(c) (d) 
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Figure 9.15: Normalised fracture energy versus nano-content for (a) the ZnO-B 
modified VLN and VLP and (b) the ZnO-C modified VLN, PMMA and PA 6. 
 
The ZnO-C particles, which are nano-spheres with an average diameter of 10 nm, had 
different effects on the toughness of the VLN, PMMA and PA 6 matrices. A notable 
increase in toughness was observed with the addition of 0.10 vol.% nano-particles to 
VLN. However, the IcG  of the ZnO-C modified VLN composites had a catastrophic 
decrease at higher nano-contents, as is shown in Figure 9.15 (b). The ZnO-C particles 
 (a) 
(b) 
Chapter 9     SYSTEM COMPARISONS AND DISCUSSION 
255 
 
decreased the toughness of PMMA gradually with increasing nano-content. The 
addition of silane and phosphonate surface modified ZnO-C particles to PA 6 up to 0.63 
vol.% had only a marginal effect on the toughness.  
 
Figure 9.16 plots the inter-particle distance, ID , as a function of particle size and 
volume fraction. The ID  is introduced in Chapter 2 and can be determined from [75]: 
  
1/32 [( ) 1]
6 f
kID r
V
π
= −  Equation 9.4 
 
where r  is the average radius of the nano-particles, fV  is the volume fraction of the 
nano-particles and k  is a geometric constant ( 1k = for simple cubic packing). For ZnO-
A and ZnO-B nano-particles, the equivalent radius, 2 1/3(3 / 4 )er r L= , was used, where r  
and L  are the radius and length of the nano-rod.  
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Figure 9.16: Visualisation of the inter-particle distance, ID, as a function of 
particle size and volume fraction. The equivalent radii of ZnO-A, ZnO-B and 
ZnO-C particles are 58 nm, 16 nm and 5 nm, respectively. 
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The ID  of nano-particles in the polymer can be shown to decrease significantly with a 
decrease in particle size for a given volume fraction. At 1.00 vol.%, the ID  was 
calculated to be about 27 nm for ZnO-C particles, 86 nm for ZnO-B particles, and 316 
nm for ZnO-A particles. The ID  of a few tens of nanometre will be of similar size of 
the gyration radius of the polymer chains [164]. The number of the nano-particles in the 
polymer will increase significantly as the size of the particle (and hence the ID ) 
decreases for a given volume fraction. The debonding of nano-particles would result in 
numerous voids in the polymer. It will be more likely for the voids to coalesce and form 
large sized cavities, which will stop the fibril deforming plastically in the matrix and 
lead to brittle failure. This is the fracture mechanism identified for the ZnO modified 
VLN and PMMA composites. A large scale plastic deformation had occurred for the 
unmodified PA 6 and its ZnO-C modified composites as shown in Figure 7.12. 
However, there was little difference between the fracture surfaces. No debonding, crack 
pinning or crack delfection was observed, which indicates the ZnO-C particles had little 
effect on the toughness. 
 
Gersappe [143] investigated the mechanical properties of rigid nano-particle modified 
polymer composites at different temperatures. It was found that the nano-particles could 
result in a large increase in the yield stress and toughness for the polymer composites at 
temperatures above gT  and only very modest enhancement was achieved below gT . 
Gersappe suggested that it was the mobility of nano-particles and the polymer matrix 
which played a vital role in the performance of the nano-modified composites. Thus the 
fracture behaviour of ZnO nano-modified thermoplastics at 80 °C was also investigated. 
 
   
Figure 9.17: SEM images showing the fracture surfaces of (a) PA 6-0 and (b) PA 6-
0.63 C (S) at 23 °C.  
(a) (b) 
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The ability of ZnO nano-particles to toughen the three amorphous thermoplastic 
polymers at 23 °C and 80 °C are compared in Figures 9.18 and 9.19. The ZnO-B 
particles can toughen the VLN and VLP more at 80 °C than at 23 °C. The ZnO-C 
particles added to VLN increased the toughness at lower volume content, but decreased 
the toughness catastrophically at higher volume content. The ZnO-C particles added to 
PMMA embrittled the matrix at both temperatures.  
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Figure 9.18: Normalised fracture energy versus nano-content for (a) ZnO-B 
modified VLN and (b) ZnO-B modified VLP at 23 °C and 80 °C. 
(a) 
(b) 
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Figure 9.19: Normalised fracture energy versus nano-content for (a) ZnO-C 
modified VLN and (b) ZnO-C modified PMMA at 23 °C and 80 °C. 
 
The various stress levels to induce the different failure modes in polystyrene (PS) as a 
function of temperature are illustrated in Figure 9.20. As may be seen, both the stress 
required to initiate crazing and yielding decline with rising temperature, but the latter 
declines more rapidly particularly when the temperature exceeds about 50 °C. At low 
temperatures, the crazing stress is considerably smaller than the yield stress. Thus 
crazing, which results in a brittle fracture mode, will be the dominant fracture 
(a) 
(b) 
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mechanism. At high temperatures, nearer the gT , the stresses necessary for shear 
yielding and crazing are relatively low and approach each other, hence shear yielding 
and crazing may occur simultaneously. When the shear yielding stress is lower than the 
crazing stress, shear yielding will be the dominant fracture mechanism.  
 
For the fracture tests on ZnO modified SAN and PMMA carried out at 80 °C, shear 
yielding and crazing may occur simultaneously. Whether the material has a high or low 
toughness will depend upon which fracture mechanism is dominant. The SEM images 
shown in Figure 9.21 demonstrate that with the addition of ZnO-B particles to VLN at 
80 °C, numerous cavities were observed in the process zones of the fracture surfaces. 
The cavities were of 100 nm to 1,000 nm, i.e. much larger than size of individual ZnO-
B particles. This indicates large scale plastic void growth of the matrix had occurred 
after the nano-particles debonded from the matrix. The nano-particles added may also 
initiate shear yielding of the matrix, as the tensile yield stress of the unmodified VLN at 
80 °C was only about 58 MPa. More shear yielding of matrix would also dissipate 
energy during the fracture, and contribute to the increase in toughness.  
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Figure 9.20: Relationship between yield stress, crazing stress and probable void 
nucleation stress in PS [33]. 
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It has been shown in Figure 9.18 that, the IcG  of ZnO-B modified VLN and VLP 
composites decreased at high nano-contents at 23 °C, however, no decline was observed 
at 80 °C. This is due to the polymer having a much higher molecular mobility at 80 °C 
than at 23 °C, which will make the material less sensitive to the internal defects and 
nano-particle agglomerates.  
 
Figure 9.19 (a) shows that with the addition of up to 0.27 vol.% ZnO-C particles to 
VLN, the IcG  at 80 °C increased somewhat however, after that it decreased very 
significantly. The SEM image in Figure 9.22 (a) shows that numerous cavities were 
observed in the fracture surface of VLN containing 0.10 vol.% ZnO-C particles. The 
void growth of the matrix contributed to the increase in toughness. The fracture surface 
of VLN containing 1.25 vol.% nano-particles however, shows some fibril deformation 
in the matrix, indicating crazing had occurred. The nano-particle agglomerates as large 
as 200 nm (Figure 9.2), acted as stress concentration sites. The nucleation of the voids 
in the matrix stopped the craze deforming extensively and caused the material to 
fracture prematurely (i.e. low toughness was obtained).   
 
Figure 9.19 (b) shows that the ZnO-C particles added to PMMA decreased the 
toughness of the composites significantly at 23 °C and 80 °C. The nano-particles acted 
as heterogeneities in the matrix, and resulted in conic markings in the fracture surfaces, 
as indicated by the arrows in Figure 9.23. It has been shown in Figure 9.16 that the ID  
of the ZnO-C nano-particles in the matrix was much smaller than the ZnO-A and ZnO-
B particles for a given volume fraction. With the addition of 0.10 vol.% ZnO-C 
particles, the ID  was only calculated to be about 71 nm. The nano-particles with such a 
small ID  are more likely to impede the movement of the molecules in the polymer. The 
voids initiated by the debonding of the nano-particles, coalesced and acted as stress 
concentration sites, embrittling the material.  
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Figure 9.21: SEM images showing the process zones of (a) SAN-24, (b) SAN-24-
0.10 B (T), (c) SAN-24-0.30 B (T) and (d) SAN-24-0.50 B (T) at 80 °C. The circles 
indicate some selected cavities. 
 
   
Figure 9.22: SEM images showing the process zones of (a) SAN-24-0.10 C (S) and 
(b) SAN-24-1.25 C (S) at 80 °C. The circles indicate some selected cavities and 
arrows point to some fibril deformation of the matrix. 
(a) (b) 
(c) (d) 
(a) (b) 
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Figure 9.23: SEM images showing the process zones of PMMA-0.63 C at (a) 23 °C 
and (b) 80 °C. The circles indicate some cavities and arrows point to some conic 
markings. 
 
9.3.6  Discussion of the Effects of Nano-particles on 
Fatigue Behaviour 
 
The fatigue testing clearly demonstrated that the inclusion of ZnO-B nano-particles to 
the SAN (VLN and VLP) improved the fatigue resistance significantly. The values of 
the maximum fracture energy threshold, max( )thG , were summarised in Table 9.2, and 
the normalised values are plotted against the volume percent of nano-particles added in 
Figure 9.24. The addition of 0.30 vol.% ZnO-B particles increased the max( )thG  of VLN 
by 100%, from 17 ± 1 J/m2 to 34 ± 2 J/m2. The addition of 0.50 vol.% ZnO-B particles 
increased the max( )thG  of VLP by 81%, from 22 ± 3 J/m
2 to 40 ± 2 J/m2. The microscopy 
of the fatigue fracture surfaces in Figure 9.25 shows that for the unmodified VLN, the 
threshold region was flat and featureless. With the addition of ZnO-B nano-particles, 
numerous cavities were observed in the fatigue threshold regions of SAN-24-0.30 B (T) 
and SAN-34-0.50 B (T). The cavities were about 100 nm in diameter, which were about 
3 to 4 times larger than the individual nano-particle. The debonding of nano-particles 
and subsequent void growth of the matrix dissipated the energy during fatigue crack 
growth, which improved the fatigue performance of the modified composites. 
 
(a) (b) 
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Figure 9.24: Normalised fatigue threshold values versus nano-content for the ZnO-
B nano-modified VLN and VLP composites at 23 °C.  Solid lines are best fits to the 
experimental data. 
 
It has been reported that the addition of micron-sized rubber particles to polymers will 
increase the fracture toughness and fracture energy of the composites but they have 
been shown to have little or no effect on the fatigue resistance. The micron-sized rigid 
particles may also increase the toughness of the polymer by crack pinning and crack 
deflection mechanisms however, they usually have a detrimental effect on the fatigue 
properties [117]. In fatigue tests, when the threshold region is reached, the stress is very 
small, resulting in a corresponding small crack opening displacement, tδ  , and plastic 
zone radius, yr . For the unmodified VLN and VLP matrices, tδ  was calculated to be 
196 nm and 244 nm, and yr  was calculated to be 521 nm and 686 nm, respectively. 
Micron-sized particles can not improve the fatigue performance because they are much 
larger than the value of yr  of the polymer, while nano-particles can still be active in a 
zone of this size.  
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Figure 9.25: SEM images showing the fatigue threshold regions of (a) and (b) 
unmodified SAN-24, (c) and (d) SAN-24-0.30 B (T), and (e) and (f) SAN-34-0.50 B 
(T). The circles indicate some cavities. 
 
9.4 Chapter Summary 
 
This chapter has summarised the test results obtained in Chapters 4 to 8. The 
microstructure, the glass transition temperature, the stiffening and yielding behaviour, 
and the quasi-static fracture and fatigue behaviour of the various ZnO nano-modified 
thermoplastic systems have been compared and discussed. The dispersion of the ZnO 
(a) (b) 
(c) (d) 
(e) (f) 
Chapter 9     SYSTEM COMPARISONS AND DISCUSSION 
265 
 
nano-particles in the polymers varied greatly depending on the type of matrix materials 
and ZnO nano-particles used and the volume fractions of the nano-particles. The ZnO 
particles added had only a minimal effect on the glass transition temperature and yield 
stress of the modified composites. Notable increase in Young’s modulus was observed 
for most of the nano-modified composites at 23 °C and 80 °C. The fracture and fatigue 
performance of some nano-modified composites was also improved greatly. The 
improvement could be due to the debonding of nano-particles and subsequent void 
growth of the matrix, and multiple crazing initiated by the nano-particles. Nano-particle 
agglomerates at high volume contents were detrimental to the modified composites, as 
voids were more likely to nucleate and form large sized cavities, which reduced the 
toughness of the material.  
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10 CONCLUSIONS AND FUTURE WORK 
 
10.1  Conclusions 
 
The main aim of this project was to investigate the effects of adding ZnO nano-particles 
to various thermoplastic systems under quasi-static and fatigue loading conditions at 23 
°C and 80 °C. Three types of ZnO nano-particles were employed as fillers, denoted A, 
B and C. ZnO-A and ZnO-B particles were short nano-rods, while ZnO-C particles were 
nano-spheres. The matrix materials investigated included styrene acrylonitrile (SAN) in 
the form of VLN (containing 24% acrylonitrile) and VLP (containing 34% 
acrylonitrile), polymethyl methacrylate (PMMA) and polyamide 6 (PA 6).  
 
The addition of ZnO nano-particles up to 2.00 vol.% had only a minimal effect on the 
measured glass transition temperature and yield stress of the modified thermoplastics. 
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However, dramatic changes in toughness have been observed for the nano-modified 
SAN and PMMA matrices at both 23 °C and 80 °C. The addition of 0.10 vol.% ZnO-B 
particles increased the fracture energy of VLN by 41% at 23 °C and 45% at 80 °C. The 
toughening efficiency of nano-particles at 80 °C was found to be superior to that at 23 
°C. The fracture energy threshold, max( )thG , was doubled with the inclusion of 0.30 
vol.% ZnO-B particles. These improvements could not be achieved by adding the same 
amount of micron-sized particles. The main toughening mechanisms identified were 
debonding of nano-particles and subsequent void growth in the matrix, and multiple 
crazing initiated by the nano-particles. The crack pinning and crack deflection 
mechanisms widely applicable in micron-sized rigid particle modified polymers were 
not observed. Conversely, the toughness could be decreased dramatically at relatively 
high concentrations of reinforcement. The addition of 1.25 vol.% ZnO-C nano-particles 
to VLN decreased the fracture energy by 63%, and the addition of 0.63 vol.% ZnO-C 
nano-particles to PMMA decreased the fracture energy by 40% at 23 °C. It is believed 
that the decrease in toughness was due to the formation of nano-particle agglomerates 
and the occurrence of void coalescence after debonding of nano-particles.  
 
This chapter summarises the main findings and conclusions regarding the 
microstructures, the thermal and mechanical properties of each ZnO nano-modified 
thermoplastic system. Areas of future work are also suggested to better understand the 
material properties and the toughening mechanisms of these nano-modified 
thermoplastic systems. 
 
10.1.1  ZnO-A Modified VLN 
 
The ZnO-A particles were cylindrical with an average particle diameter of 40 nm and an 
aspect ratio (length/diameter) of 4. The atomic force microscopy (AFM) study showed 
that the nano-particles were not well dispersed in the matrix. Agglomerates of ZnO-A 
particles as large as 300 nm were observed in the VLN composite containing 2.00 vol.% 
nano-particles. The ZnO-A particles had only a marginal effect on the glass transition 
temperature, gT , and yield stress of the nano-modified VLN composites. The addition 
of 2.00 vol.% ZnO-A nano-particles increased the Young’s modulus of VLN composite 
by 11% from 3.87 ± 0.05 GPa to 4.28 ± 0.14 GPa. However, their addition had a 
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detrimental effect on the fracture toughness and fracture energy, which decreased by 
13% and 36%, respectively. The nano-particle agglomerates caused stress 
concentrations and were responsible for the decrease in toughness.  
 
10.1.2  ZnO-B Modified VLN 
 
The ZnO-B particles had an average particle diameter of 12 nm and an aspect ratio of 3. 
The particles were well dispersed through the matrix up to 0.30 vol.%. Agglomerates as 
large as 100 nm could be observed in the modified VLN composite containing 0.50 
vol.% ZnO-B nano-particles. The gT  and yield stress of the polymer remained 
unchanged with the inclusion of nano-particles. The Young’s modulus however, 
exhibited a notable increase. The addition of 0.50 vol.% ZnO-B nano-particles increased 
the modulus of the modified VLN composite by 5%, from 3.87 ± 0.05 GPa to 4.06 ± 
0.05 GPa at 23 °C, and by 7% from 3.19 ± 0.03 GPa to 3.40 ± 0.05 GPa at 80 °C. 
 
The addition of ZnO-B nano-particles to the VLN improved the quasi-static and fatigue 
performance significantly. The fracture energy of the nano-modified VLN composite 
was increased by 41% at 23 °C and 59% at 80 °C. The fatigue properties were 
compared by means of measuring the maximum fracture energy threshold values, 
max( )thG . The max( )thG  of the unmodified VLN was measured to be 17 ± 1 J/m
2. With the 
inclusion of 0.30 vol.% ZnO-B nano-particles, the max( )thG  was determined to be in the 
range of  34 ± 2 J/m2, double that of the unmodified matrix. 
 
The scanning electron microscopy (SEM) studies showed that at 23 °C the ZnO-B 
particles added to VLN initiated multiple crazing and plastic fibril deformation of the 
matrix. Debonding of nano-particles and void growth of the matrix were observed at 
both 23 °C and 80 °C however, the void growth at 80 °C was more significant than that 
at 23 °C. The void growth was also observed in the fatigue threshold region of the nano-
modified composites. The increased fibril deformation and void growth contributed to 
the increase in toughness and fatigue threshold.  
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10.1.3  ZnO-B Modified VLP 
 
The dispersion of ZnO-B nano-particles in the VLP system was similar to that observed 
in VLN. The ZnO-B nano-particles were well dispersed through the VLP matrix up to 
0.50 vol.%, after which some of the nano-particles clustered into agglomerates. The gT  
was measured to be around 117 ± 1 °C via dynamic mechanical thermal analysis 
(DMTA) and 105 ± 1 °C via differential scanning calorimetry (DSC) for the unmodified 
and nano-modified VLP composites.  
 
The Young’s moduli of the modified composites increased steadily with increasing 
nano-content. The addition of 1.00 vol.% ZnO-B nano-particles increased the elastic 
modulus from 4.14 ± 0.03 GPa to 4.33 ± 0.05 GPa at 23 °C, and from 3.43 ± 0.10 GPa 
to 3.57 ± 0.06 GPa at 80 °C. The yield stress of the nano-modified VLP composites, 
however, remained unchanged. The compressive yield stress was calculated to be 89 ± 1 
MPa at 23 °C and 58 ± 1 MPa at 80 °C, respectively, for the unmodified and nano-
modified VLP composites. 
 
The fracture and fatigue performances were also improved with the inclusion of ZnO-B 
nano-particles. The fracture energies of VLP composite containing 0.10 vol.% ZnO-B 
nano-particle at 23 ºC and 80 ºC were increased by 21% and 13% respectively. The 
max( )thG  of the unmodified VLP was measured to be 22 ± 3 J/m
2. With the inclusion of 
0.50 vol.% ZnO-B nano-particles, the max( )thG  was determined to be in the range of  40 
± 2 J/m2, 81% higher than that of the unmodified matrix. 
 
The SEM studies showed that more parabola surface features were observed in the 
process zones of the fracture surfaces for the ZnO-B nano-modified VLP composites at 
23 °C than for the unmodified matrix. The ZnO-B particles acted as inhomogeneities 
and initiated more secondary fractures. Debonding of nano-particles and void growth of 
the matrix were also observed at 23 °C and 80 °C. Thus, debonding of particles and 
void growth were the main toughening mechanisms identified. 
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10.1.4  ZnO-C Modified VLN 
 
Spherical ZnO-C particles, with an average diameter of about 10 nm, were not well 
dispersed through the VLN matrix. ZnO-C agglomerates as large as 120 nm and 200 nm 
were observed in the modified VLN composites containing 0.63 vol.% and 1.25 vol.% 
nano-particles. The gT  remained unchanged and was measured to be about 107 °C via 
DSC for the ZnO-C modified VLN composites.   
 
The ZnO-C particles were found to be poorly bonded with the matrix, as they had only a 
marginal effect on the Young’s modulus and yield stress for the nano-modified VLN 
composites. The Young’s modulus was measured to be about 3.80 GPa at 23 ºC and 
3.20 GPa at 80 ºC. The tensile yield stress was determined to be 89 MPa at 23 ºC and 57 
MPa at 80 ºC.  
 
The fracture toughness and fracture energy of the modified VLN composites increased 
notably with the initial addition of ZnO-C nano-particles. The addition of 0.10 vol.% 
ZnO-C nano-particles increased the fracture energy by 27% at 23 ºC, and 7% at 80 ºC. 
However, the fracture toughness and fracture energy decreased dramatically with 
further increase in nano-content. The fracture energy of VLN containing 1.25 vol.% 
ZnO-C particles decreased from 316 ± 12 J/m2 to 117 ± 14 J/m2 at 23 ºC, and from 217 
± 17 J/m2 to 90 ± 4 J/m2 at 80 ºC. 
 
The SEM studies showed that crazing occurred for the ZnO-C modified VLN 
composites having high nano-content at both 23 ºC and 80 ºC. The debonding of the 
particles and the subsequent void growth of the matrix contributed to the increase in 
toughness with the initial addition of ZnO-C nano-particles. However, the poor 
adhesion between the nano-particles and the matrix, and the nano-particle agglomerates 
led the particles to debond at a lower stress. The voids coalesced and formed large sized 
cavities easily, which caused premature failure of the material and reduced the 
toughness.   
 
 
CHAPTER 10    CONCLUSIONS AND FUTURE WORK 
 
271 
 
10.1.5  ZnO-C Modified PMMA 
 
The ZnO-C nano-particles were well dispersed in the PMMA matrix up to 0.63% by 
volume. The inclusion of ZnO-C nano-particles to PMMA also had only a marginal 
effect on the gT . The gT  was determined to be in range of 95 ± 1 °C via DSC for the 
unmodified and nano-modified PMMA composites.  
 
The ZnO-C particles had a marginal effect on the Young’s modulus and yield stress of 
the nano-modified PMMA composites at 23 ºC. The Young’s modulus was measured to 
be 3.46 ± 0.03 GPa and the tensile yield stress was measured to be 82 ± 1 GPa for the 
PMMA composite containing 0.63 vol.% particles at 23 ºC. The tensile yield stress at 
80 ºC, however, had a notable increase from 19 MPa to 24 MPa. 
 
The ZnO-C particles added to the PMMA embrittled the matrix. The fracture toughness 
and fracture energy of the ZnO-C nano-modified PMMA composites declined gradually 
with increasing nano-content at 23 ºC and 80 ºC. The fracture energy of the unmodified 
PMMA was measured to be 323 ± 7 J/m2 at 23 ºC and 283 ± 17 J/m2 at 80 ºC. The 
addition of 0.63 vol.% ZnO-C nano-particles decreased the fracture energy by 40% and 
36% at 23 ºC and 80 ºC, respectively. 
 
The SEM studies showed that the ZnO-C nano-particles acted as heterogeneities and 
stress concentration sites, which promoted the formation of circular crazes and conic 
markings in the process zone of the fracture surfaces. The voids after the debonding of 
the matrix nucleated in the matrix and acted as preferential sites for crack initiation, 
which was responsible for the decrease in toughness.  
 
10.1.6  ZnO-C Modified PA 6 
 
The spherical ZnO-C particles were surface modified with silane and phosphonate 
before blending with PA 6. These nano-particles were observed to be uniformly 
dispersed throughout the matrix. The unmodified and ZnO-C nano-modified PA 6 
composites were tested at 23 ºC in dried condition. The addition of ZnO-C particles up 
to 0.63 vol.% had only a marginal effect on the measured Young’s modulus, yield 
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stress, fracture toughness and fracture energy of the modified composites. The SEM 
studies showed that large scale plastic deformation had occurred during fracture, but 
little difference was observed between the fracture surfaces of the unmodified matrix 
and the nano-modified composites. 
 
10.2  Future Work 
 
Some aspects of future work which may require further investigation are described and 
listed below. 
 
1. Dispersion of nano-particles – Although three types of surface modifiers had 
been employed to help the dispersion of nano-particles in the thermoplastics, 
agglomeration still occurred. The nano-particle agglomerates could cause stress 
concentrations and embrittle the material. Efforts to improve the dispersion and 
reduce agglomeration, thus, may potentially increase the stiffness and toughness 
simultaneously. 
 
2. Additional formulations – The maximum volume fraction investigated in this 
project was only 2.00%. It would be beneficial to perform some tests on the 
nano-modified thermoplastic systems containing higher volume content of nano-
particles. 
 
3. Fatigue tests – Fatigue tests were carried out on the ZnO-B modified VLN and 
VLP composites at 23 ºC, and the fatigue performance was improved 
significantly. It would also be valuable to identify the fatigue properties of the 
ZnO-C modified VLN and PMMA composites, although the ZnO-C nano-
particles yielded disappointing results in terms of the toughness at 23 ºC and 80 
ºC.  
 
4. Toughening mechanisms – The toughening abilities of the nano-particles 
depended on the shape and the volume fraction of nano-particles, the surface 
modifier and the type of matrix material employed. The ZnO-B particles were 
effective in increasing the toughness of VLN and VLP by introducing more 
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crazing and void growth of the matrix. However, the ZnO-C particles decreased 
the toughness of VLN and PMMA significantly, especially at the higher nano-
contents employed. ZnO-A particles also embrittled VLN at 1.04 vol.% and 2.00 
vol.%. More detailed investigation with the ZnO-A and ZnO-C particles is 
required to gain a better understanding of the toughening of rigid nano-particle 
modified thermoplastics.   
 
5. Modelling – Analytical models could be developed to predict the fracture 
behaviour of the nano-modified thermoplastic polymers under quasi-static and 
fatigue loading conditions. Emphasis could be placed on taking into account the 
fibril deformation and void growth of the matrix and the nucleation of voids in 
the matrix.  
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